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DNA sequence data and morphology define
Cryphonectria species in Europe, China, and
Japan

Henrietta Myburg, Marieka Gryzenhout, Brenda D. Wingfield,
Michael G. Milgroom, Shigeru Kaneko, and Michael J. Wingfield

Abstract: Cryphonectria includes important tree pathogens as well as species believed to be saprophytes. Recent

phylogenetic studies have concentrated on North American and southern hemisphere Cryphonectria spp., but little is

known about Asian and European taxa. In this study we identify and differentiate among the species occurring in Eu-

rope, China, and Japan using morphological and phylogenetic comparisons among the Cryphonectria species. Phylogen-

etic comparisons were based on sequence data from the ribosomal ITS operon and two regions in the B-tubulin gene.

Unknown Japanesc and Chinese isolates showing different cultural features than those of Cryphonectria parasitica

(Murrill) M.E. Batr from Japan and the USA, grouped with isolates of Cryphonectria nitschkei (G.H. Otth) M.E. Barr

from Quercus spp. and Rhus javanica L. Isolates of Cryphonectria havanensis (Bruner) MLE. Barr from Quercus

grosseserrata Blume, Castanopsis cuspidata Schottky, Pyrus sinensis Lindl., and Eucalyptus globulus Labill, also

grouped in this phylogenetic clade. We propose that Cryphonectria nitschkei and the fungus that has been referred to

as Cryphonectria havanensis in Japan should be treated as a single taxon. Phylogenetic and morphological data also |
suggest that there are two species currently representing Cryphonectria radicalis (Schwein.: Fr.) ML.E. Barr in Europe. |
One of these species is similar to the type specimen of Cryphonectria radicalis, while the other species probably is |
new.

Cryphonectria nitschkei, Diaporthalcs.

Résumé : Le genre Cryphonectria comporte d’importants pathogénes des arbres, ainsi que des espéces apparemment
saprophytes. Les récentes études phylogénétiques ont porté surtout sur les especes de Cryptonectria nord-américaines et
de I’hémisphere sud, mais on connait peu de choses sur les taxons asiatiques et européens. Dans cette étude, les au-
teurs identifient et différencient des espéces venant en Europe, cn Chine et au Japon, en utilisant des comparaisons
morphologiques et phylogénétiques entre les especes de Cryphonectria. Les comparaisons phylogénétiques sont basées
sur les données de séquengage de I"opéron de I'ITS ribosomal et de deux régions du géne de la P-tubuline. Des isolats
inconnus du Japon ct de la Chine, montrant des caractéres culturaux différents de ceux du Cryphonectria partasitica
(Murrill) M.E. Barr du Japon et des Etats-Unis, se regroupent avec des isolats du Cryphonectria nitschkei (G.H. Otth)
M.E. Barr venant sur des Quercus spp. et sur le Rhus javanica L. Des isolats du Cryphonectria havanensis (Bruner)
M.E. Barr provenant des Quercus grosseserrata Blume, Castanopsis cuspidata Schottky, Pyrus sinensis Lindl. ct Euca-
lyptus globulus Labill. se retrouvent é¢galement dans ce clade phylogénétique. Les autcurs proposent que le Cryphonec-
tria nitschkei ct le champignon correspondant au Cryphonectria havanensis du Japon soient traités comme un méme
taxon. Les données morphologiques et phylogénétiques suggerent également qu’il s’agit de deux espéces représentant
couramment le Cryphonectria radicalis (Schwein.: Fr.) ML.E. Barr en Europe. Unc de ces espéces est semblable au
spéeimen type du Cryphonectria radicalis, alors que 'autre espéce cst probablement nouvelle.

Mots clés : Cryphonectria parasitica, Cryphonectria radicalis, Cryphonectria havanensis, Cryphonectria macrospora,
Cryphonectria nitshkei, Diaporthales.
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Introduction

Cryphonectria and Endothia include fungal species that
are both tree pathogens and saprophytes. A number of chal-
lenges exist to distinguish among these gencra and the spe-

cies assigned to them. For example, the orange stromata of

Cryphonectria and Endothia species arc superficially simi-
lar. Additionally, differentiation of Cryphonectria and Endo-
thia species is hindered by the fact that their ranges of spore
size commonly overlap, and that ascospores for specimens
are not always fully developed, resulting in variable mea-
surements. Identification is further complicated when speci-
mens ot cultures do not produce spores. Taxonomic
information is needed from both teleomorph and anamorph
states and when only one morph is present, especially the
anamorph, conclusive identification is difficult. Furthermore,
fruiting structures, especially perithecia, are rarely produced
in culture, and culture morphology is not sufficient to be
used as the only means of identification.

Recent taxonomic studies, based on DNA sequence com-
parisons, have resolved a number of questions pertaining to
the identification and differentiation of Cryphonectria and
Endothia species (Myburg et al. 1999, 2004; Venter et al.
2002). A comprehensive phylogenctic study on representa-
tive species of Cryphonectria and Endothia, for which cul-
tures were available, indicated that these genera should be
considered as separate taxonomic entities, even though they
are closely rclated (Myburg et al. 2004; Venter et al. 2002).
However, studies such as those of Myburg et al. (1999),
Myburg et al. (2004), and Venter et al. (2002) focussed pri-
marily on species of Cryphonectria and Endothia that origi-
nated from the USA, Europe, and countries in the Southern
Hemisphere. Therefore, a similar study that is directed to-
wards the taxonomic and phylogenetic relationships of Asian
Cryphonectria and Endothia species is required.

The best-known species in Cryphonectria is Cryphonec-
tria parasitica (Murrill) MLE. Barr, the causal agent of chest-
nut blight. This disease practically eliminated native stands
of American chestnut (Castanea dentata Borkh.) during the
last century (Anagnostakis 1987; Griffin 1986) after being
introduced from eastern Asia, where Cryphonectria para-
sitica is native (Anagnostakis 1992; Milgroom et al. 1996;
Shear and Stevens 1913, 1916). Cryphonectria parasitica
also occurs on European chestnuts (Castanea sativa Mill.),
although the disease has not been as severe as it has been in
North America (Bazzigher and Miller 1991; Bissegger and
Heiniger 1991; Heiniger and Rigling 1994). This is attrib-
uted to greater resistance in European chestnuts (Clapper
1952; Heiniger and Rigling 1994; Metcalf 1908), differences
in environmental conditions, and the presence of naturally
occurring hypovirulent Cryphonectria parasitica strains in
Europe (Grente 1965, {975; Heiniger and Rigling 1994).

Cryphonectria radicalis (Schwein.: Fr.) M.E. Barr is a
colonist of Castanea and Quercus species in the Northern
Hemisphere (Anderson and Anderson 1912; Shear et al.
1917). The fungus was first described in 1814 from England
(Sowerby 1814) and later from the USA (Fries 1828; Shear
et al. 1917). It was reported from southern Europe in 1863
(Shear et al. 1917) and from Japan in 1914 (Shear et al.
1917; Kobayashi 1970). Cryphonectria radicalis was, there-
fore, known in North America and Europe before Cry-
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phonectria  parasitica  was  introduced.  Cryphonectria
radicalis has an association with Cryphonectria parasitica
(Anagnostakis 1983, 1995; Hoegger et al. 2002) in that both
species occur on the same hosts. Previous studies rcport spe-
cies of Castanea and Quercus (Fagaceae) as the most impor-
tant hosts of Cryphonectria parasitica and Cryphonectria
radicalis in Europe, North America (Shear ct al. 1917,
Roane 1986«), and eastern Asia (Kobayashi and Ité 1956a;
Kobayashi 1970). In recent studics (Hoegger ct al. 2002;
Sotirovski et al. 2004) aimed at isolating Cryphonectria
parasitica from dead chestnut stems in Switzerland, Greece,
and Macedonia, Cryphonectria radicalis isolates were unin-
tentionally collected. Identification of these isolates as
Cryphonectria radicalis was based on comparisons of mor-
phology in culture (Hoegger et al. 2002; Sotirovski et al.
2004), ascospore dimensions, mating behaviour, pathogenic-
ity to chestnut plants (Hoegger et al. 2002), and polymerasc
chain reaction — restriction fragment length polymorphism
(PCR-RFLP) banding patterns (Sotirovski et al. 2004).

In Japan, Cryphonectria havanensis (Bruner) M.E. Barr,
Cryphonectria nitschkei (G.H. Otth) M.E. Barr, Cryphonec-
tria radicalis, and Cryphonectria parasitica have been re-
corded on Castanea and Quercus spp. (Kobayashi and ]td
19564, 1956b; Kobayashi 1970), making identification of
the fungi on these hosts a challenge. Furthermore, Endothia
singularis (Syd. & P. Syd.) Shear & N.E. Stevens, a fungus
with orange stromata typical of Cryphonectria species, but
with aseptate ascospores, also occurs on Castanea and
Quercus spp. in Japan (Kobayashi and [t6 1956«; Kobayashi
1970). A fungus similar to Endothia gyrosa (Schwein.: Fr.)
Fr. has also been reported on Quercus from China (Teng
1934). Minor host species for this group of fungi in castern
Asia include Castanopsis cuspidata Schottky, a reported
host for Cryphonectria macrospora (Tak. Kobay. & Kaz. 1td)
Barr and Endothia singularis (Kobayashi and Ito 1956aq,
1956h; Kobayashi 1970). Of the abovc-mentioned species,
only Endothia gyrosa is regarded as a pathogen, while Cry-
phonectria havanensis, Cryphonectria nitschkei, Cryphonec-
tria macrospora, and Endothia singularis are considercd
saprophytes (Roanc 1986b; Kobayashi 1970; Shear ct al.
1917).

A collection of isolates and specimens identified as Cry-
phonectria spp. and originating from Quercus and Castaneda
spp. in Greece, Japan, and China form the basis of this
study. A number of these isolates were used by Liu et al.
(2003) in their recent study, but they have not been de-
scribed taxonomically. The objectives of this study were,
therefore, to identify the isolates in the collection from
Greece, Japan, and China by comparing them to Cry-
phonectria spp. from various hosts. DNA scquence and mor-
phological data are used to facilitate differentiation among
the species occurring in Europe and Asia.

Materials and methods

Collection of isolates and specimens

This study includes 42 isolates (Table 1). Eight (CMW
10782 to CMW 10789) of these represented an unidentificd
fungus, sampled from Castanea and Quercus spp. from Ja-
pan, China, and Greece, that produces less orange pigmenta-
tion than is characteristic of Cryphonectria parasitica; three
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of these (CMW 10785 to CMW 10787) are from the study
by Liu et al. (2003). One Japanesc isolate [rom Quercits
serrata Thunb. (CMW 10790) was morphologically similar
to Cryphonectria parasitica. Isolates ol Cryphonectria and
Endothia specics studicd previously (Myburg et al. 2004,
Venter et al. 2002) were included for comparative purposes:
Cryphonectria parasitica (CMW 7047, CMW 7048), Cry-
phonectria radicalis (CMW 10436, CMW 10455, CMW
10477, CMW 10484), Cryphonectria macrospora (CMW
10463), Endothia gyrosa (CMW 10442, CMW 2091), and
Endothia singularis (CMW 10465). Four Cryphonectria
radicalis isolates (CMW 10791 to CMW 10794) from Eu-
rope, recently studied by Hoegger et al. (2002) were incor-
porated. The remaining isolates were Cryphonectria
parasitica, Cryphonectria radicalis, Cryphonectria nitsch-
kei, Cryphonectria macrospora, and Cryphonectria havan-
ensis from various host families in Japan and are linked to
the studies of Kobayashi and Ité6 (1956a, 1956H) and
Kobayashi (1970) (Table 1). Two Diaporthe ambigua
Nitschke isolates (CMW 5288, CMW 5587) were included
to serve as outgroup taxa in the phylogenetic analyses. Iso-
lates of Cryphonectria radicalis from North America unfor-
tunately were not available and could not be included.

The majority of isolates from Japan were obtained [rom
TFM:FPH (Forestry and Forest Products Research Institute,
Danchi-Nai, Ibaraki, Japan) and MAFF GENEBANK (Mi-
croorganisms Section, MAFF GENEBANK, National Insti-
tute of Agrobiological Sciences (NIAS), MAFF Gene Bank,
Tsukuba, Ibaraki, Japan) collections. All isolates from
TFM:FPH have a number preceded by E or Ep, linking them
to the studies of Kobayashi and [td (19564, 1956b) and
Kobayashi (1970). These numbers distinguished thcm from
the herbarium specimens. All isolates (CMW) are main-
tained in the culture collection of the Forestry and Agricul-
tural Biotechnology Institute (FABI), University of Pretoria,
Pretoria, South Africa. Duplicates of cultures that are not
already in other international culture collections have been
deposited with the Centraalbureau voor Schimmelcultures
(CBS), Utrecht, the Netherlands.

Herbarium specimens of the unidentified Cryphonectria
species occurring in Japan and China (Table 2) and studied
by Liu et al. (2003) were cxamined. Three of these speci-
mens (TFM:FPH 7609, TFM:FPH 7610, TFM:FPH 7747)
are linked to isolates, that is, CMW 10786, CMW 10787,
and CMW 5877. These specimens have been deposited in
the herbarium of the Forestry and Forest Products Research
Institute (TFM:FPH), Danchi-Nai, Ibaraki, Japan.

DNA isolations and amplification

DNA was isolated from cultures as described in Myburg
et al. (1999). The ITS1 and ITS2 regions of the ribosomal
RNA operon, as well as the conserved 5.8S gene, were am-
plified using the primer set ITS1 and ITS4 (White et al.
1990). Two regions within the $-tubulin gene were amplified
using primer pairs Btla with Btlb and Bt2a with Bt2b
(Glass and Donaldson 1995). These two gene regions were
selected to ensure consistency between the present study and
previously published phylogenetic data, where these gene re-
gions (in combination with ITSI and ITS2 sequence data)
were successfully used to delimit phylogenetic relationships
between Cryphonectria and Endothia spp. (Myburg et al.
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2004; Venter et al. 2002). The amplification reaction mixes,
oy as well as the reaction conditions, were the same as those
;-_ i described in Myburg et al. (2002).

| 5
| aas

; DNA sequencing and analyses
1 PCR products were sequenced in both directions using the

- same primer pairs that were used in the amplification reac-
o b £ tions. Scquencing reactions were donc using an ABI
LR PRISM™ Dye Terminator Cycle Sequencing Ready Rcac-

= EliF tion Kit with AmpliTaq® DNA Polymerase, FS (Perkin-
e Elmer, Warrington, UK). DNA sequenccs were determined
: using an ABI PRISM 3100™ automated DNA sequencer
(Perkin-Elmer).

= s Sequence Navigator version [.0.1 (Perkin-Elmer Applicd
J - : BioSystems, Inc., Foster City, California) software was used
to edit the DNA sequences. The sequences were manually
aligned with sequence data sets from previous studics
(Myburg et al. 2004; Venter et al. 2002). Phylogenetic analy-
: ] ses were performed using PAUP (Phylogenetic Analysis
g % Using Parsimony) software version 4.0b (Swofford 1998).
= oKL After the exclusion of uninformative sites, the ribosomal
DNA (ITSI, 5.8S, ITS2) and the B-tubulin sequence data
sets were subjected to a 500 replicate partition-homogeneity
test to test the null hypothesis that the different data sets
were homogenous, thus indicating whether the different sets
i could be combined in the subsequent phylogenctic analyses
oy (Farris et al. 1994). Phylogenetic analyscs were done using
B heuristic searches with the tree-bisection-reconnection and
- MULTREES (saving all optimal trees) options. Gaps were
treated as fifth characters (NEWSTATE) in the heuristic

searches. Distance analyses were also performed on the data

set using the Tamura—Nei parameter model (Tamura and Nei
= 7 glg & 1993) with the Gamma distribution shape parameter set to
A = 0.2271. This model (TrN+G) was shown to be the appropri-
R Rt ate distance model for these datasets by MODELTEST ver-
et - & sion 3.5 (Posada and Crandall 1998). The reproducibility of
A the branching nodes was determined by a bootstrap analysis
(1000 replications). Although various authors use different
: ; bootstrap values to infer clades (Zander 2004), we have
= |E& opted in the present study to consider groups with bootstrap
values above 80% a clade. Sequence data from two

D. ambigua isolates were used to root the phylogenetic tree.

= This taxon was chosen because Diaporthe resides in the
=|5# same order as, but in a different phylogenetic complex than,
=3 4 Cryphonectria and Endothia species (Castlebury et al.
2002). Sequences generated in this study have been depos-
ited in GenBank and accession numbers are listed in
Table 1, together with accession numbers of previously de-
posited sequences (Myburg ct al. 2004; Venter ct al. 2002).
The DNA sequence alignments were submitted in TreeBase
&8 (study accession No. S1146, matrix accession No. M1969).
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Morphological comparisons

Fruiting structures on herbarium specimens were cut {rom
; the bark and rehydrated for | min in boiling water. The
A structures were sectioned at —20 °C with a Leica CMIT100
| EEElES = cryostat after embedding in Leica mountant (Setpoint Pre-
e EE mier, Johannesburg, South Africa). Sections, 12-16 pm
- ;9 im S thick, were mounted on microscope slides in lactophenol.
| RERjpeRs Spores, asci, and conidiophorcs from the various specimens
GG O] = were measured in 3% KOH and lactophenol, respectively. At

1k

1
Fad;FPH, |

Table 2 (concluded).
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least 20 spores for each specimen were measured. The distri-
bution of measurements (Um) for each specimen is ex-
pressed as the range and the mean (+ SD) using the notation:
(min-) {mean — SD) — (mean + SD) (-max). Standard colour
notations of Rayner (1970) were used.

Results

DNA sequencing and analyses

Amplification of the ITSI and ITS2 ribosomal RNA
operons and B-tubulin gene regions resulted in PCR products
between 550 and 600 bp (base pairs) in size (data not
shown). The DNA sequence of the partial ITS1 and ITS2
regions (569 bp) consisted of 339 constant characters, 11
parsimony-uninformative, and 219 parsimony-informative
characters, while the sequence of the B-tubulin gene regions
(965 bp) consisted of 561 constant characters, 25 parsimony-
uninformative, and 379 parsimony-informative characters.
The partition-homogeneity test, which was performed on the
partitions ribosomal DNA and B-tubulin, generated a P value
of 0.586, indicating that the null hypothesis could not be
rejected and that the respective gene regions could be com-
bined in subsequent analyses. Sequences from a total of 42
isolates were included in the combined data set. The two
D. ambigua isolates were used as outgroup taxa. Using par-
simony, the combined data set consisted of a total of 1534
characters, of which 900 were constant, 36 were parsimony-
uninformative, and 598 parsimony-informative. Of these, 11
ambiguous base pairs were excluded. The heuristic search
produced 100 most parsimonious trees (tree length = 1173
steps, consistency index = 0.792, retention index = 0.942),
which differed only in the length of the internal branches
(Fig. 1). The tree derived from the distance analyses (Fig. 2)
resulted in the same clades as the trees derived with parsi-
mony, although the relationships among the clades were rep-
resented slightly differently.

Cryphonectria and Endothia were resolved into distinct
clades in the phylogenctic trees (Figs. 1 and 2). The greater
Cryphonectria group included several clades representing
various species (Figs. | and 2). The first of these includes
Cryphonectria parasitica isolates originating from the USA
and Japan (bootstrap support 100% in both analyses). A sec-
ond clade included isolates from Europe that have been
referred to as Cryphonectria radicalis (bootstrap support
100% in both analyses). These Cryphonectria radicalis iso-
lates from Italy (CMW 10455, CMW 10477, CMW 10791),
Greece (CMW 10788, CMW 10789), and Switzerland
(CMW 10792, CMW 10793, CMW 10794) showed a high
degree of sequence similarity (bootstrap support 100% in
both analyses). An isolate from Fagus japonica Maxim.
(Fagaceae) in Japan (CMW 13754) grouped close to these
isolates. However, two isolates, CMW 10436 from Portugal
and CMW 10484 from Italy, previously identified as
Cryphonectria radicalis (Myburg et al. 2004), grouped sepa-
rately from the other Cryphonectria radicalis isolates from
Italy, Greece, Switzerland, and Japan (bootstrap support
100% in both analyses).

The unidentified fungus represented by the isolates
(CMW 10782 to CMW 10787) from Quercus and Castanea
spp. in China and Japan grouped closely with other isolates
of Cryphonectria nitschkei (bootstrap support [00% in both

Can. J. Bot. Vol. 82, 2004

analyses). Japanese isolates of Cryphonectria nitschkei from
Quercus spp. (CMW 13744, CMW 5877, CMW 13741,
CMW 13742, CMW 13747, CMW [0581) and an isolate of
Cryphonectria havanensis from Quercus grosseserrata
Blume (CMW [1294) grouped in this clade. Isolates of Cry-
phonectria havanensis from Castanopsis cuspidata (CMW
13737), Pyrus sinensis Lindl. (Rosaceae) (CMW 13736),
and Eucalyptus globulus Labill. (Myrtaceae) (CMW 10910)
also grouped in this clade, as did a Cryphonectria nitschkei
isolate from Rhus javanica L. (Anacardiaceae) (CMW
13745). Isolates of Cryphonectria macrospora from Japan
(CMW 10463, CMW 10914) grouped closer to isolates of
Cryphonectria nitschkei and Cryphonectria havanensis than
to isolates in any of the other clades (bootstrap support
100%) but still formed a distinct clade.

Morphological comparisons

Identification of the unknown Cryphonectria sp.

The morphology of the fungus represented by isolate
CMW 10786 (annotated KB1 in Liu et al. (2003)) that
grouped with the other Cryphonectria nitschkei isolates in
the phylogenetic tree, is linked to specimen TFEM:FPH 7609.
The ascospores of this fungus were (8.5-)10-11.5(-12.5) x
(3.5-)4-4.5(-5) um. The conidia were 4-5.5(-6) x (1-)
1.5(-2) um (Table 3). Specimens TFM:FPH 7610, linked to
isolatce CMW 10787 (annotated CD 28 in Liu et al. (2003)),
and TFM:FPH 7747 (linked to isolate CMW 5877/YM2)
had slightly longer conidia (up to 7.5 pum). Despite this
significant morphological difference, these isolates grouped
together with CMW 10786 in the phylogenetic tree.

Of all of the species previously reported on woody hosts
in Japan (Kobayashi and It6 1956a; Kobayashi 1970), the
ascospore and conidial dimensions of the unidentified speci-
mens (TFM:FPH 7609, TEM:FPH 7610, TFM:FPH 7747)
most closely resembled those of Cryphonectria nitschkei and
Cryphonectria  havanensis (Table 3). The ascospore and
conidial sizes of Cryphonectria nitschkei and Cryphonectria
havanensis overlapped (Table 3). Specimens labeled as Cry-
phonectria havanensis that originated from fagaceous and
non-fagaceous hosts also had comparable ascospore sizes.
These included two specimens from Quercus spp. (TFM: FPH
1203 from Quercus variabilis Blume and TFM:FPH 1047
from Quercus glandulifera Blume), specimen TEM:FPH 2300
from a Betula sp. (Betulaceae), and specimen TEM:FPH 1270
from Pyrus sinensis (Table 3). The ascospore measurements
for the above-mentioned specimens were similar to those
given by Kobayashi (1970), which were an average of 8-
12.5 x 34 um for Cryphonectria havanensis and 10-13 x 4—
4.5 um for Cryphonectria nitschkei. The morphological simi-
larities corresponded with the grouping of isolates of these
taxa in the same phylogenetic clade (Figs. I and 2).

Only one specimen (TFM:FPH 633) of Cryphonectria
havanensis from Eucalyptus globulus (Myrtaceae) was avail-
able for this study. This specimen is connected to isolate
CMW 10910 included in the phylogenetic analysis. Asco-
spore morphology for TFM:FPH 633 was similar to the
other Cryphonectria havanensis-labeled specimens (desig-
nated as “A. Cryphonectria havanensis” in Table 3). The
ascospore similarity to other specimens of Cryphoneciria
havanensis and Cryphonectria nitschkei supports the phylo-
genetic grouping of isolate CMW 10910 with isolates of
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(Figs. 1 and 2). Other fruiting structures were, however,
found on specimen TFM:FPH 633 (designated as “B. Cry-
phonectria havanensis” in Table 3) with ascospores different

((6-)7-9(=10.5) x (3-)3.5-4(-4.5) um) from those of the
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Cryphonectria radicalis groups in

other fruiting structures on the same specimen.

Two groups could be distinguished for European speci-
mens labeled as Cryphonectria radicalis based on ascospore
size (Table 3). This is consistent with the phylogenetic analy-
ses (Figs. | and 2) showing two distinct groups for Cry-
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phonectria radicalis isolates from Europe. However, none of originating from Castanea sativa in Italy and Switzerland,
the specimens are linked to isolates in the phylogenetic tree. had smaller ascospores, (6-)7-8.5 x (2-)2.5-3 um (Table 3).

Thus, no specific connections among groups defined by sc- These dimensions are similar to those given for the Euro-
quence data and spore morphology arc possible at present. pean Cryphonectria radicalis isolates (CMW 10792, CMW

One group of Cryphonectria radicalis specimens (BPI 10793, CMW 10794) by Hoegger et al. (2002) and to the
797697, BPI 613739, BPI 612672, BPI 797693, Table 2), Japanese Cryphonectria radicalis specimens (Table 3).
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Conidiomata in this first group of European specimens also
had pale lutcous cells lining the conidial locules, similar to
Japanese Cryphonectria radicalis specimens.

The small ascospore group also included specimens of

North American Cryphonectria radicalis. Ascospore sizes
for a specimen from a Quercus sp. (NY 1963), another spec-
imen (CUP 6178), and the type specimen of Cryphonectria
radicalis (K 109808) fell within the size range given for
Cryphonectria radicalis specimens from Japan and the Euro-
pean group with smaller ascospores (Table 3). Furthermore,
for specimen CUP 6178, cells lining the conidial locules
were pale luteous in colour. These features were similar to
those in Japanese and the European specimens with smaller
ascospores. Conidial sizes for the North American Cry-
phonectria radicalis specimens (CUP 6178, NY 2018, K
109808) werc comparable with those from the rest of the
world (Table 3).

The other group of specimens from Europe labeled Cry-
phonectria  radicalis  (BPL 797696, BPI 797692, BPI
1112743, BPI 797698, BPI 612660; Table 2) had longer as-
cospores than those of the first group but were similar in
width (Table 3). These originated from Italy, Abkhazia, and
France on Castanea sativa, a Quercus sp., and Carpinus
betulus L., respectively. The ascospore sizes of the fungus
residing in this group did not resemble those of any other
Cryphonectria species examined in this study (Table 3).
Conidia were similar in size to the first group of Cry-
phonectria radicalis from Europe with smaller ascospores
(Table 3).

Discussion

The present study has provided morphological as well as
phylogenetic analyses of DNA sequence data for the major-
ity of Cryphonectria species known to occur on woody host
species in Europe, China, and Japan. These species include
Cryphonectria parasitica, Cryphonectria radicalis, Cry-
phonectria nitschkei, and Cryphonectria macrospora. The
combination of morphological and DNA sequence data pre-
sented in this study should aid future researchers in making
correct identifications of Cryphonectria species found in
Eurasia. This is particularly so given the difficulty of making
firm identifications of these fungi based on morphology
alone. This is due to problems such as the variability of
spores among specimens and the absence of either the sexual
or asexual statc.

The isolates identified for the first time in this study as
Cryphonectria nitschkei were mentioned in a recent study of
interspecies transmission of hypoviruses (Liu et al. 2003).
While sampling Cryphonectria parasitica isolates in Japan,
Liu et al. (2003) recognised that their collections included
another Cryphonectria species that produced less pigment in
culture than Cryphonectria parasitica, which in general was
more orange in colour. This unknown sympatric species,
along  with  Cryphonectria  parasitica, also  contained
Cryphonectria hypovirus 1 (CHV-1), which could be trans-
mitted between the two species in culture. Liu et al. (2003)
showed, through DNA sequencing and RFLP data of the ri-
bosomal ITS DNA region sequence, that isolates CMW
10785, CMW 10786, CMW 10787 (isolates (9494, KBI,
and CD28, respectively, in Liu et al. (2003)) of this un-

Can. J. Bot. Vol. 82, 2004

known species grouped separately from their Cryphonectria
parasitica isolates. In the present study, we have been able
to show conclusively, by additional sequence data and mor-
phological comparisons, that this unknown Cryphonectria
species represents Cryphonectria nitschkei. This confirms
the discovery by Liu et al. (2003) that the virus transmission
they observed both in the laboratory and in nature was
among different fungal species.

The fungus previously treated as Cryphonectria havan-
ensis from Japan was initially thought to represent two spe-
cies occurring on two different hosts (Kobayashi and It6
1956a; Kobayashi 1970). These were not newly described
species but were named after already existing species. The
first of these, annotated as Endothia havanensis Bruner
(Kobayashi and 1té 1956a), was isolated from dead bark of
Eucalyptus globulus. Endothia havanensis was originally de-
scribed from Eucalyptus spp. in Cuba (Bruner 1916). The
second fungus occurred on fagaceous hosts in Japan and was
identified as Endothia tropicalis Shear & N.E. Stevens
(Kobayashi and 1td 1956a). Endothia tropicalis is a synonym
of Cryphonectria gyrosa (Berk. & Broome) Sacc., which is
the type species of Cryphonectria (Barr 1978). Cryphonec-
tria gyrosa is known from Sri Lanka (Berkeley and Broome
1875; Shear et al. 1917) occurring on Elaeocarpus spp.
(Shear et al. 1917).

At the time when Cryphonectria was considered a syn-
onym of Endothia, Kobayashi (1970) reduced Endothia tro-
picalis (now known as Cryphonectria gyrosa) to synonymy
with Endothia havanensis (now known as Cryphonectria
havanensis). This synonymy was based largely on the simi-
lar ascospore sizes of the two taxa. Hence, Japanese speci-
mens of Endothia tropicalis and Endothia havanensis were
amalgamated under the name Endothia havanensis
(Kobayashi 1970). However, when Barr (1978) scgregated
Cryphonectria from FEndothia, she also separated Cry-
phonectria gyrosa from Cryphonectria havanensis, but the
fungus from Japan was retained under the name Cry-
phonectria  havanensis, including specimens from both
Quercus and FEucalyptus.

Distinction of Cryphonectria havanensis from the other
species occurring in Japan was based on ascospore size
(Kobayashi and [td 1956a; Kobayashi [970), but this species
resembled Cryphonectria nitschkei most closely (Kobayashi
1970). Results of the phylogenetic analyses emerging from
the present study showed that isolates of Cryphonectria
havanensis from Japan are identical to those of Cry-
phonectria nitschkei. Morphological comparisons confirmed
that these two taxa in Japan are the same. Furthermore, iso-
lates and specimens previously known as Cryphonectria
havanensis in Japan and collected from Eucalyptus and
Quercus are identical based on morphological features and
phylogenetic analyses.

Results of this study have shown that the Japanese isolates
assigned the names Cryphonectria havanensis and Cry-
phonectria nitschkei arc identical. Whether or not the iso-
lates represented by the phylogenetic clade in this study are
the same as the earlier discovered Cuban fungus known as
Cryphonectria havanensis on Eucalyptus, cannot be resolved
satisfactorily in the absence of cultures of the latter fungus.
Although not the aim of this study, collections of Cry-
phonectria nitschkei and those labeled as Cryphonectria
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havanensis trom Japan, especially on Eucalyptus, should be
compared with the type specimen of Cryphonectria
havanensis and preferably cultures of this fungus from
Cuba. This will aid in establishing whether Cryphonectria
nitschkei in Japan represents a taxon distinct from Cry-
phonectria havanensis in Cuba or whether previous authors
(Hodges 1980; Kobayashi 1970) were correct in reducing
the two fungi to synonymy. We prefer to keep the taxa
Cryphonectria havanensis and Cryphonectria nitschkei sepa-
rate pending a more thorough study investigating these ques-
tions.

Isolates of Cryphonectria havanensis referred to in this
study were from hosts residing in different plant families.
These include Quercus, Castanopsis, Pyrus, Eucalyptus, and
Betula. In addition to these, isolates labeled as Cryphonec-
tria nitschkei from Castanea and Rhus also grouped in this
clade. Other hosts previously reported for Cryphonectria
nitschkei (Kobayashi 1970) but not included in this study are
Carpinus tschonoskii Maxim. (Cupuliferae), Larix leptolepis
(Siebold & Zucc.) Gordon (Pinaceae), and a Prunus sp.
(Rosaceae). Isolates from all of these hosts form part of the
clade representing Cryphonectria nitschkei, indicating that
this fungus has a diverse host range.

Specimen TFM:FPH 633 was covered with two types of
fruiting structures that produced ascospores of different size
(Table 3). One type of fruiting structure had ascospores sim-
ilar in size to specimens of Cryphonectria nitschkei but the
other type had smaller ascospores (Table 3). An isolate from
Eucalyptus globulus (CMW 10910) linked to this specimen,
grouped with other isolates of Cryphonectria nitschkei in the
phylogenetic analyses. We believe that isolate CMW 10910
is connected to the fungus producing a {ruiting structure of
the first type with ascospores similar to those of Cry-
phonectria nitschkei. Specimens of the second type of fruit-
ing structure were old and in poor condition and we are
uncertain whether these represent a distinct species. There
are also no isolates that can be linked to the tungus produc-
ing these fruiting structures. Isolations from Eucalyptis spp.
in Japan would be of great interest and should acknowledge
that more than one Cryphonectria sp. might occur on a sin-
gle Fucalyptus trec.

Several specics of Cryphonectria  other than  Cry-
phonectria nitschkei and Cryphonectria havanensis occur on
Eucalyptus spp. The best known of these is Cryphonectria
cubensis, which occurs in tropical and subtropical areas
(Conradie et al. 1990; Hodges 1980; Wingfield 2003), and
Cryphonectria eucalypti, which has been reported from Aus-
tralia and South Africa (Gryzenhout et al. 2003; Old et al.
1986; Van der Westhuizen et al. 1993; Walker et al. 1985).
Of the species treated in this study that are mainly known to
occur on PFagaceae, Cryphonectria parasitica has been re-
ported to occur on Eucalyptus spp. in Japan (Old and
Kobayashi 1988). The same study also noted the presence
of an unidentified Cryphonectria sp. and unidentified Endo-
thiella anamorphs other than those of Cryphonectria
parasitica on specimens that have been collected from dis-
ease symptoms on Eucalypius in Japan. The identification of
Cryphonectria parasitica was based on spore size from fruit-
ing structures on bark specimens, but identifications of the
other fungi on the specimens were inconclusive (Old and
Kobayashi 1988). Results of this study and those of Old and
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Kobayashi (1988) suggest that morc than one spccies of
Cryphonectria occurs on Eucalyptus spp. in Japan and sur-
veys to collect these fungi from Eucalyptus spp. and charac-
terize them based on the DNA sequence data presented in
this study would be valuable.

Hoegger et al. (2002) showed that Cryphonectria radicalis
occurs sympatrically with Cryphonectria parasitica. Our re-
sults support this finding. Both our data and thosc of others
(Hoegger et al. 2002; Sotirovski et al. 2004) show that Cry-
phonectria radicalis continues to exist in Asia, Europe, and
the USA, even though it is apparently not common. This
species can be distinguished from Cryphoneciria parasitica
based on ascospore length and width, although in the ab-
sence of a teleomorph, it will be difficult to distinguish
between the two species because conidial dimensions of
Cryphonectria parasitica and Cryphonectria radicalis over-
lap. Cryphonectria parasitica also produces mycelial fans
in the wood and these are not present in the case of Cry-
phonectria radicalis (Roane 1986a; Shear et al. 1917). An-
other important distinguishing characteristic between the
two species is that Cryphonectria radicalis colours growth
medium purple because of the production of a pigment
known as endothine red, while Cryphonectria parasitica
does not produce this pigment (Hoegger ct al. 2002; Roane
and Stipes 1978; Shear et al. 1917). Myburg ct al. (1999)
showed that PCR-RFLP banding patterns distinguish Cry-
phonectria parasitica from  Cryphonectria cubensis and
E. gyrosa, and these can be used to identify Cryphonectria
parasitica (Liu et al. 2003; Sotirovski et al. 2004). However,
further studies will be needed to make this PCR-RFLP based
identification applicable to all of the Cryphonectria and
Endothia spp. used in this study.

Results of the present study and those of Myburg ct al.
(2004) show the presence of two groups within the fungus
known as Cryphonectria radicalis in Europe. These groups
were defined independently based on DNA sequence data
and morphology. It is, however, difficult to resolve whether
the two groups emerging from analysis of DNA scquence
data, correspond with the two groups distinguished based on
morphology. This is because isolates used in the phylogen-
etic analyses were not linked to specimens in the morpho-
logical comparisons. It is, furthermore, difficult to deduce
from previous studies which of the morphological groups
in Europe correspond most closely with published data on
Cryphonectria radicalis. Shear et al. (1917) made compari-
sons of various key specimens that included European and
North American material. They obtained ascospore dimen-
sions of 6-10 wm long and 3-4.5 wm wide for Cryphonectria
radicalis. This encompasses the two morphological groups
identified in the present study from Europe. Shear et al.
(1917) also observed that Cryphonectria radicalis had
highly variable ascospores. It is thus possible that they were
treating the two different specics, which we distinguish
using DNA sequence data, as a single species. Ascospore
dimensions given for the isolates of Hocgger et al. (2002)
correspond with measurements of the one group of Cry-
phonectria radicalis specimens from Europe and Japan that
had ascospores (6-)7-8.5 um long. These isolates resided in
the phylogenetic group that includes Cryphonectria radicalis
isolates from Greece, Italy, and Switzerland. Unfortunately,
no morphological data are available for the isolates in the
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sccond phylogenetic clade, incorporating CMW 10436 from
Portugal and CMW 10484 from Italy.

The presence of two groups labeled as Cryphonectria
radicalis in BEurope, makes it unclear which of these repre-
sent the true Cryphonectria radicalis in Europe. The type
specimen of Cryphonectria radicalis has a North American
origin (Fries 1828). The specimens from the USA examined
in this study, which included the type specimen, had asco-
spore ranges that corresponded most closely with those of
the group of Cryphonectria radicalis specimens from Eu-
rope with smaller ascospores. Furthermore, North American
specimens also had pale luteous linings to the conidial
locules, similar to those of the European specimens with
smaller ascospores. Based on ascospore sizes, the group of
Cryphonectria radicalis specimens with smaller ascospores
{(6-)7-8.5 x (2-)2.5-3 pm) corresponded most closely with
the type specimen of Cryphonectria radicalis. We suggest
that this group represents Cryphonectria radicalis in Europe,
although confirmation of this fact must await additional col-
lections and comparisons based on DNA sequence data.

Resolution of the identity of Cryphonectria radicalis in
Europe will require additional studies including those on
North American Cryphonectria radicalis specimens. This is
particularly necessary since Shear et al. (1917) mentioned a
sccond form of Cryphonectria radicalis, named Endothia
radicalis mississippiensis Shear and N.E. Stevens and exist-
ing in North America. It is thus possible that Cryphonectria
radicalis in North America represents a number of different
fungi. Unfortunately neither the type specimen of Cry-
phonectria radicalis nor other collections of this fungus
from the USA arc linked to living cultures. Numerous enqui-
rics have lead us to believe that these isolates do not exist
and new collections will be needed to resolve the identity of
Cryphonectria radicalis in the USA.

A number of questions relating to Cryphonectria radicalis
remain. We have no knowledge regarding the phylogenetic
relatedness of isolates known as Cryphonectria radicalis
from Europe and those from North America. A Cry-
phonectria radicalis isolate from Fagus japonica in Japan,
grouped close to the phylogenetic clade including isolates
from Italy, Greece, and Switzerland, and thus, it appears that
this phylogenectic group of Cryphonectria radicalis isolates,
has a wide Eurasian distribution. It would be interesting to
determine the relationships of the different continental
groups currently referred to as Cryphonectria radicalis. This
would show whether humans have moved Cryphonectria
radicalis sensu lato around the world, as is case for Cry-
phonectria parasitica. Alternatively it might indicate that
Cryphonectria radicalis has the widest geographical distri-
bution of all the species currently residing in Cryphonectria.
Data presented in this study should aid future researchers in
answering these questions and making correct identifications
ol Cryphonectria species in Eurasia. This is particularly so
given the difficulty of making firm identifications of these
fungi based solely on morphology. We recommend compari-
sons of DNA sequences in addition to analysis of morpho-
logical criteria to characterize new collections of these fungi.
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