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The Ceratocystis species on conifers’

Thomas C. Harrington and Michael J. Wingfield

Abstract: Seven Ceratocystis species are recognized as having conifers as their primary hosts, and these species
comprise a monophyletic group, Despite being morphologically similar, these taxa are distinguished by intersterility
and isozyme electromorphs. The first described species in the group, Ceratoeyvstis coernlescens (Milnch) Bakshi, is
neotypified; it causes bluestain of Picea and Pinus in Europe and North America. A similar species, Ceratocystiy
pinicola spnov., also causes bluestain buf has thus far been recorded only on Finus in Britain, In contrast, Cerafocystis
resinifera sponov. has been recorded from Picea on continental Europe and North America and invades wounds of
living trees. Ceratocystis palonica (Siemaseho) C. Moreau is peotypified and distinguished ecologically from
Ceratocystis lavicicola Redfern & Minter; both species ovcur across Eurasia and are associated with fpy bark beetles
on Picea and Larix, respectively, A key 15 presented for these species as well as the recenily recognized species from
North America, Ceratocystts riufipennt Wingtield, Harrington, & Solheim and Ceratecysts douglavit (Davidson)
Wingfield & Harrington, which occur on Picea and Preadorsuga. respectively.

Kev words: Ceratocystis, Pinaceae, bluestain, Scolytidae,

Résumé : On reconnait sept espéces de Cergrocystis ayant des coniferes comme hote primaire, et ces especes
constituent un groupe monophylétigue. Bien gu'ils soient morphologiquement similaires, on peut distinguer ces taxons
par leur interstérilitd et par leurs électromorphes isozymigques. Les auleurs proposent un néotype pour la premiére
espéce décrite dans ce groupe, le Ceratocystis coerulescens (Miinch) Bakshi, causant le bleuissement chez des Picea et
Pinus en Europe et en Amérigue du Nord, Une espéce similaire, le Ceratocysiis pinicola sp.nov,, causc également le
blenissement mais n'a été jusqu'ici observée que sur des Pinus en Grande Bretagne. Au contraire, le Ceratocysiis
resinifera sp.nov. a été observé sur des Picen en BEvrope continentale et en Amérique du Nord et infecte les blessures
d'arbres vivams. Les auteurs proposent un nectype pour le Ceratocystis polonica (Siemaszko) C. Moreau gui se
distinguent écologiquemem du Ceratocysis laricicola Redfern & Minter, ces deux especes se retrousvant dans
I"'ensemble de I'Eurasic et étant associées avec des fpy corticoles venant sur Picea of Lavix, respectivement, Les auteurs
présentent une clé pour ces cspéces ainsi que pour les espéces récemment reconnues en Amérique du Nord, le
Ceratocvstis rufipenni Wingfield, Harrington, & Solheim et le Cerafocvstis deeglasii (Davidson) Wingfield &
Haminglon, qui se retrouvent sur les Picea et les Prendorsuga, respectivement.

Mots clés -

| Traduit par la Rédaction)

Introduction

As currently recognized, the genus Ceratocystis Ellis &
Halsted sensu stricto represents a relatively small group of
plant parasites, occurring primarily on angiosperms (Kile
19493). Excluding the morphelogically similar but phylogen-
etically unrelated Ophiostoma (Harrington 1987 Hausner
et al. 1993; Spatafora and Blackwell 1994), we recognize
seven species of Ceratocystis that oceur primarily on coni-
fers, all on members of the Finaceae. These seven species
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are economically important in that they all appear capable of
staining sapwood blue to pray, at least some of the species
can colonize the living sapwood of wounded trees, and three
of the species are imporiant symbionts of bark beetles that
aid the beetles 1o killing trees (Harrington et al, 1996. Paine
et al. 1997). These seven species are morphologically simi-
lar and share a number of common isozyme electromorphs
(Harrington et al. 1996), They also appear to be closely re-
lated to four species that oceur on hardwoods. namely, Cera-
tocystis virescens (Davidson) C. Morean, which is found
on Acer and other tree species in eastern North America
(Davidson 1944) and three Australasian species: Ceratocysriy
ewcalvpri Kile et al, (Kile et al. 1996) and the anamorphic
species Chalara australis Kile & Walker and Chalara neo-
calidoniae Kiffer & Delon (Harrington et al. 1996). The
hardwood and conifer species can be separated based on
conidiophore morphology (Harrington et al. 1996), Analvsis
of the DNA seguences of the internal transcribed spacer
(ITS) region of nuclear ribosomal DNA (Witthuhn et al.
1998) grouped the seven conifer species into a single
clade, and the hardwood species were basal to the conifer
species. From these data, it appears that adaptation to coni-
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fers as primary hosts occurred omce in the genus Cera-
E'fJ‘E'_‘L'.'ITfJ'.T.

The first described Ceratocystis species on conifers was
Cerstocyvstts coerdescens (Minchy Bakshi (Miinch 19073,
and we have referred to the seven conifer species and the
four related hardwood species as the C, cosrulescens com-
plex (Harrington et al. 1996). The MAT-2 strains of the seven
conifer species and of C. virescens are capable of selfing be-
cause of wnidirectional mating type switching (Harringion
and McNew 1997}, so tests for interfertility have proven dif-
ficult, but these species do appear to be intersterile (Harring-
ton and MceNew 1998). The conifer species also appear 10
occupy distinct ecological niches (Harrington et al. 1996).
Isozyme analysis (Harrington et al. 1996) and DNA se-
quence analysis (Witthuhn et al. 1998) clearly separate wil
but Ceratocystis laricicola Redfern & Minter and Cera-
tocystis polonica (Siemaszko) €. Moreau, which have been
shown 1o differ at a single isozyme locus and appear to be
specialized to larch (Larix) and spruce (Picea), respectively.
Thus, species limits among the seven conifer species are
guite clear based on ecology and phylogeny. but they remain
difficult to distinguish based on morphology.

Two species previously referred to as O, coeralescens
were reeently recognized (Wingfield et al. 1997), and the
data above support the distinction of twe additional new spe-
cies. We herein designate a specimen of C. coernlescens sp.

B (Harrington et al. 1996) as the neotype of C. coerulescens.

and describe C, coernlescens sp. A and €. coerulescens sp.
C as new. Ceratocystis polonica is also neotypified. We pro-
vide a key to the seven coniler species based on mm'phutngy
and substrate.

Key to conifer species of Ceratocystis

Materials and methods

Isolates studied

The origing of isolates were listed in Harrington et al. (1996).
Ceratocystis cogrulescens sp. A in that publication corresponds to
Ceratocystis  pinicola spoov, described here; a specimen of
C. coerulescens sp. B is used as the neotvpe of C. coerulescens,

o Covoerulesrens sp. C s deseribed here as Cerptooystis resinifera

spnov., O coerulescens sp. I is now Ceratocystis rufipenni Wing-
field, Harrington, & Solheim and € coernlescens T dowglasii is
now Ceratocystis douglasil (Davidson) Wingfield & Harringlon.
All isolates studied are in the collection of the senior auther, and
their three-digit accession number is preceded with a “C.” Repre-
sentative isolates of all species, ncluding those from holoovpes,
have been deposited in the Centraalbureau voor Schimmelcultures
{CBS).

Selected isolates of O coerulescens, C. rexinifera, . pinicola,
and C. polenica were grown on 2% malt exiract agar (MEA; 20 =
agar and 20 g malt extract in 1000 mL water) with or withour sec-
tions of pine twigs and incubated at room teraperature {20-25°C)
in the dark uniil the onset of sporulation, Fruiting structures were
nmounted in lactophenol. Neotype and holotype materials have been
deposited in DAOM as microscope slides.

Growth rate

Growth studies of selected isolates were also conducted on
2% MEA. Isolates were first grown on MEA for approximately
1 week, Dises 3 mm in diametler were ¢ut from the actively grow-
ing colony margins and placed at the center of 60-mm Petri dishes,
with three replicates. per isolate, and incubated for 5 davs in dark-
ness it temperatures ranging from [0 o 35°C. Colony diamelers
were measured at night angles and the average growth rate calcu-
latel.

. Ascospores surrounded by an uneven sheath, in top view wider at the sides than at the ends

2. Associated with bark beetles on Picea .

2. Azsociated with bark beetles on Larfy,

. polonica

C, laricicola

L. Ascospore sheaths even around the spore, in lop or side view about the same width or wider at the ends than al the sides

3. Ascospores averaging more than 7.0 pm long excluding sheath, perithecial necks greater than 600 ym long, on Picea or

FPsendorsupa in North America

4, Conidiophores abundant in culture; on Preudotsuga

4. Conidiophores rare in culture, on Picea

C.douglasii

. C. rufipenni

3. Ascospores averaging less than 7.0 pm long excluding sheath, perithecial necks less than 600 pm long. or if greater than

6K um then on Plus, in North America or Europe’

3. Perithecial bases less than 120 prvin width, rarely up to 150 um

in

Perithecial bases |20 pm in width or more

Ol oeoevilescens

6. Perithecial necks greater than 550 pm in length, averaging over 700 pm. ascospores averaging 5.0 um (4.0-6.4 um)

in length excluding sheath, on Py . ., . . . .

£ pinicola

6. Perithecial necks less than 550 um, rarely up to 730 pum, ascospores averaging 6.2 pm (5.2-7.2 pm) in length exclud-

ing sheath, on Picea |

. resinifera
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Description of species

Ceratocystis. coerulescens  (Miinch) Bakshi, Trans. Br
Mycol: Soc. 33: 114, 1950. (Figs. 1-8)

=Endaconidiophora  coerulesceny Minch, Naturwiss, Z.
Forst. Landw. 5: 564. 1907,

=0phiostoma  coerdescens {Miinch)
Skogsvardsf, Tidskr, 32: 408, 1934,

eMENDED DESCRIPTION: Colonies on 2% MEA relatively
slow growing with an optimum growth at 20°C in the dark.
Colonies attaining a diameter of 36 mm at 20°C and 31 mm
at 25°C after incubation for 5 days in the dark. Colonies
varying in color but mostly deep olive (Ridgeway 1912,
plate XL to grayish ohive (plate XLV}, growing appressed
with little or no aerial mycelium. Single ascospares giving
rise to both self-sterile and self-fertile colonies in egual pro-
portions, with perithecia being produced sparsely in culture
in approximately 3 weeks, particularly in association with
sterile pine wood in the medium, Perithecia dark with bases
composed of o limited laver of cells making them lighter in
color than the bases of the necks. Bases round 1o ovoid, 96—
128 pm (mean 98 pm) in diameter, giving rise to distinct
basal spines 70-220 lim (mean 121 pm) long, Necks dark and
tapering distinctly to the apex, 290600 pm (mean 490 pm)
long, 12-30 pm (mean 19 pm) wide at the middle, and 10-
14 pm (mean |1 pm) wide at the apex, terminating in a crest
of ostiolar hyphae 9-20 um {mean 18 pm) long and 1-2 pm
imean 2 pm) wide. Ascospores accumulating at the apices of
maturg perithecia, elongate to slightly curved with round
ends and surrounded by a distinet translucent sheath layer,
5-7 um (mean 6 jim} long and 2-3 pm (mean 2 um) wide
excluding sheaths that are 04—1.0 um long at either end of
the ascospores. Conidiophores twbular, typical of Chalara
species, rectangular, terminating in a cylindrical and some-
times slightly flared collarette, 110-240 um (mean 178 pm)
long and 3-5 pm {mean 35 um) wide. Conidia rectangular
with two attachment peints and produced by ring wall build-
ing development in distinel chains, variable in length 6-
16 wm (mean [0 pm) long and 3-5 Um (mean 4 pm) wide.

weoTYPE: Itasca County, Minnesota, from Pinus banksiana
Lamb., collected by R.N. Campbell, 1956, DAOM 225445,
from isolate C301 (= ATCC 12859 and CBS 100198).

OTHER MATERIAL EXAMineD: DAOM 225446, a dned speci-
men of a self-fertile strain (DM 173-17) derived from a cross
of isolate C301 and CH93 (CoY3 = CBS 489.80, as Chalura
ungeri Sacc., from Helsinki, Finland, isolated from dis-
colored pine and spruce logs by A. Lilja).

cuLTUREs ExaMmmveD: Rotterdam, Netherlands, from moeist
timber, collected by Kneteman, isolate C320 (= CBS 137.34,
West Germuny, on Picea abies (L)) Karst. wood, determined
by D.T. Rhode, isalate C313 (= C635 and CBS 140.37).

Miinch (1907) described and illustrated C. coernlescens
from darkly stained pine (Pinuy) and spruce (Picea) in Ger-
many,. but no dried material from his examinations is avail-
able to use as a holotype (Hunt 1956). His description could
fit either of two species that we (Harrington et al. 1996) re-

Nannf., Sv.

Can. J. Bat, val. 76, 1998

terred to as C. coerulescens sp. B or sp. C, respectively,
which are elearly distinet species based on mating studies
{Harrington and McNew 1998}, DNA sequence data
{Witthuhn et al. 1998), and isozymes (Harringion et al.
19961, Morphologically, however, it is difficult 10 separate
these two species. We have relied primanly on the width of
the perithecium base to separate C. coerwlesceny sp, B and
sp. C, but Miinch (1907) did not give that dimension for his
fungus. It appears that C. coernlescens sp. C is more com-
men than C, coerulescens sp. B in colonizing wounds of liv-
ing spruce, and C. coerulescens sp. B may be more commen
as a bluestain fungus on dead wood or cut timber (Harring-
ton et al. 1996), Minch’s (1907) report of C. coerulescens
as a bluestain fungus on spruce and pine in ceniral Europe
leads us to believe that C. coerulescens sp. B of Harrington
et al. (1996) is Minch’s species. and his description of
O, coerpfescens has thus been emended. Ceratocyvstis
coerifescens sp, © is described as new, © resinifera.

Thus defined, Cerarocystis coermlescens s morphologi-
cally similar to €. resintfera but differs in having perithecial
bases that are smaller and lighter in color. The perithecial
necks, from the perithecial base to the ostiole, tend 1o taper
more in O coerwlesceny than in C. resinifera, Also, isolale
ATCC 12839 (C301) of C. coerulescens grew only half as
fast at 253°C as did isolate C662 of C. resinifera (colony di-
ameters at 3 days were 30 and 66 mm, respectively). Both

A coernlescens and C, resinifera have been found in North

America and Europe, but the former has been found on both
Piceq and Pinus, while the latter has thus far been found
only on Picea.

We have no teleomorph material of C. coerddescens from
central Europe, and the only isolate (ATCC 12839) that pro-
duces perithecia and ascospores in culture originated in the
United Seates (Campbell 1957). The dried specimen desig-
nated as the neotype of C. coernlescens has perithecia with
narrower bases and necks that faper more than in
C. resinifera. However, perithecial sizes are often highly
variable in Ceratocvstis species, and these differences may
not be apparent when a wider range of material is examined.
Indeed, Campbell {1937), who deposited ATCC 12839, re-
ported perithecial bases 130-210 pm (mean 175 pm) wide
for C. coermlescens, but this range may have been based on
more than just isolate ATCC 12839, Our measurements of
perithecia produced by isolate ATCC 12859 are 96-1258 um
(mean 98 pm) wide. We also examined perithecia produced
from a cross between ATCC 12859 and Ca93, and this, too,
had perithecia with narrower bases (less than 150 um) than
those described by Campbell (1957) and those found in
C. resinifera.

Other dimensions of perithecia and ascospores reported
tor C. coernlescens may have been based on observations of
both € coernlescens and C. resinifera, Other European re-
parts of C. coerwfescens were as a bluestain fungus on pine
and spruce (Siemaszke 1939) and primarily as a wound col-
onizer of living spruce (Lagerberg et al. 1927). Siemaszko’s
{1939) description may have been of C. coerulescens, with
perithecial bases reported at 126182 um wide. Lagerberg et
al. (1927) reported bases of 168-208 um in width, slightly
larger than those of Siemaszko’s (1939) and closer to those
we found in O resinifera. Reports of O coerulescens from
Britain (Bakshi 1951} are believed to be of C. pinicela,
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Figs. 1-8, Ceratocystis coermlescens (neotyped. Fig, 1. Perithecium, Scale bar = 200 pm, Fig. 2. Ostolar hyphae at apex of perithecial
neck. Scale bar = 20 pm. Fig, 3. Base of perithecium showing hyphal ormamentation. Seale bar = 100 pm. Fig, 4. Peridium of the
perithecial base. Scale bar = 20 um. Fig. 5. Ascospores. Scale bar = 8 pm. Fig. 6. Conidia. Scale bar = 20 pm. Fig. 7. Conidiophore
with conidiuvm emerging from collaretie. Scale bar = 20 pm. Fig. 8. Older, barrel-shaped conidia that have become darkened and thick-

walled, Scale bar = 20 pum.

Figs. 9-15. Ceratocystis resinifera (holotype), Fig. 9. Perithecium. Scale bar = 200 pm. Fig, W), Base of perithecium showing hyphal
omamentation, Scale bar = 100 pm. Fig, 11, Ostiolar hyphae a1 apes™ of perithecial neck. Scale bar = 50 pm. Fig. 12, Ascospores.
Secale bar = 13 pm. Figs. 1314, Conidiophores with conidia. Scale Bars = 50 and 20 pm, respectively. Fig, 15, Conidia.

Scale bar = 20 um,

which has smaller ascospores than € coerilescens and
€. resinifera. Other reported dimensions of perithecia and
ascospares of O, coernlescens (Hunt 1956: Griffin | 968;
Upadhyay 1981) are clearly from measurements of two or
more laxa, including the more distantly related ©. virescens.

Minch (1907) referred to the anamorph of E coern-
lescens as Ch. ungeri based on a single collection (Unger
1847). Nag Raj and Kendrick (1975), in their monographic
work on Chalara, determined that type material of this spe-
cies no longer exists, and they designated a neotype (IMI
20164 for Ch. ungert based on a collection from blued pine
wood in Scotland. Unfortunately, the anamorphs of the spe-
cies treated here are very similar, and in the absence of a
reasonable sample of teleomorph material or molecular com-

parisons, we are unable to confidently separate coert- |

fescens from C. pinicola, and C. resinifera. However, the
neotype (Nag Raj and Kendrick 1975) of the anamorph Ch

ungeri also has perithecia, and these appear to be those of

C. pinicela, which may not occur in central Europe. Thus,
we do not believe that the neotype of Ch, ungeri represents
the anamorph of C. coernlescens sensu Miinch (1907),

Ceratocystis resinifera Harrington & Wingfield sp.nov.
(Figs, 9-15)

Coloniae in malti agaro, comparate celeriter crescentes,
optimo incremento ad 20°C in tenebris, Coloniae attingentes
diametrum medium 69 mm ad 20°C et 66 mm ad 25°C post
quingue dierum incubationem. Perithecia atris basibus, 120~
240 pm (res media 175 um) lata gignentiague distinctas
hasilares spinas, 84-160 um (res media 128 um) longas.
Perithecialia colla atra, 420-540 pm (res media 490 pm)
longa, exigue attenuata versus apicem. 14-22 um (res media
18 pm) lata in medio et 10-14 pm (res media 11um) lata ad
apicem, terminantia in cristam divergenter dispositarum
ostiolarium  hypharum, 10-28 pm (res media 17 um)
longarum et 1-2 pm (res media 1.5 pm} latarum. Ascosporae
5-7 Um (res media 6.2 pm) longae et 2-3 pm (res media
20 pm) latae vaginis exclusis. Longnudo vaginae ad
alterutum extremum sporarum 0.8 pm.

HOLOTYPUS: Aasa, Norvegia, ex vulnerfta arbore Picea
abigte. 1986, lectus ab H. Solheim, DAOM 225449, ex
segregato €662, quod quogque appellatur CBS 100202,

Colonies on MEA relatively fast growing, with an opti-
mum growth at 20°C in the dark, Colonies attaining an aver-
age diameter of 69 mm at 20°C and 66 mm at 25°C after
5 days of incubation, Colonies varying in color but mostly
deep olive (Ridgeway 1912, plate XL) to grayish olive (plate
XLVI), with litle or no aerial mycelium, except around

perithecia, Single ascospores giving rise to both seff-sterile
and self-fertile colonies in equal proportions, but peritheciu
produced in culture develop slowly over approximately
1 month, particularly when sterile pine wood is added 1o the
culture medium. Perithecia with black hases, 120-240 um
tmean 175 pm) wide and giving nise to distinct basal spines,
B4-160 um (mean 128 um) long. Perithecial necks black.
420-540 pum {mean 4H umy, tapering slightly Lowards the
apex, 1422 um (mean 18 um) wide in the middle and 10—
14 pm (mean 11 pm) wide at the apex, terminating in a
crest of divergently arranged ostiolar hyphae 10-28 pm
(mean 17 pm) in length and 1-2 pm (mean 1.5 pm) wide.
Ascospores accumulating at the apex of necks of perithecia,
elongate w ellipsoid with distinet outer sheaths. Ascospores
5-7 um (mean 6.2 um) long and 2-3 pm (mean 2.0 um)
wide excluding sheaths. Sheath length at either end of spores
0.8 wm., Conidiophores typical of the genus Chalara, single,
septate, terminating in discrete twbolar und  sometimes
slightly fared collarette, produced profusely on the agar sur-
face and of variable length, 80-232 pm (mean 162 pm) long
and 3-6 pum (mean 4.3 [m) wide, Conidia ‘produced by ring
wall building, rectangolar and of very variable size, 4—
22 pwm (mean 119 pm) long and 5-6 um (mean 5.6 pm)
wide and becoming swollen and barrel shaped to ovoid with
age.

MATERIAL EXAMINED: HOLOTYPE: As, Norway. from wounded
Picea abies tree, 1986, collected by H, Solheim, DAOM
225449, from isolate Co62 (= CBS 100202),

OTHER MATERIAL EXAMINED: DAOM 225450, a dried speci-
men of a self-fertile strain (DMI50-9) derived from a cross
between self-sterile progeny of C662 and CHAS. the lauer
collected at Hurdal, Akerhus, Notway, from wounded stem
of Picea abies, 17 July 1966, by H. Roll-Hansen (= C278,
NFRI 66—-157/21, and ATCC 44993),

CULTURES Examinen: Nannestad, Akerhus, Norway, from
Ficea abies log, 27 August 1958, collected by H. Roll-
Hansen, €666 (= C277 und NFRI 1750/2); Nerway, from
Ficea abies log, 1986, collected by H. Solheim, isolate C278
= NFRT 86-434/9); New Mexico, U.S.A., from bluestained
Picea engelmannii Parry, 1971, collected by T. Hinds, iso-
late C30 (= CO381, CMW 451, and CBS 100204,

Ceratocystis resinifera, like € coernlescens. has been
found within continemtal Europe and North America but,
thus far, only on Picea. Al least two of the isolates examined
were from sapwood near wounds on living trees. and
C. resinifera may be more pathogenic than . coernlescens,
though, 10 our knowledge, the pathogenicity of these species
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has not been tested. Reports from Scandinavia (Lagerberg
et al. 1927: Roll-Hansen and Roll-Hansen 19800 of wound
colonization in Picea abies by C. coerulescens are most
likelv of C. resinifera. As stated above, C. resinifera is mor-
phologically most similar to C. coerwlescens but generally
has wider and rounder perithecial bases, less lapering
perithecial necks, and grows twice as fast us C. coerlescens

at 25°C. It differs from C. pinicola in its shorter perithecial |

necks and longer ascospores, though there is considerable
overlap in these dimensions. Mating studies (Harrington and
MceMNew 1998) show C, resinifera to be intersterile with the
other Cerafocystis species, and DNA sequence analysis
(Witthuhn et al. 1998) and isozymes markers (Harrington
el al: 1996} show C. resinifera to be more closely related to
C. rufipenni than to C. coerulescens or C. pinfcala.

Ceratocystis  pinicola
iFigs. 16-22)

Harrington & Wingfield, sp.nov,

Coloniae in 2% mald extracti agaro celeriter crescentes,
incremento optimo ad 25°C, Coloniae attingentes diametrum
medium 54 mm ad 20°C et 66 mm ad 25°C post quingue
dierum incubationem in tenebris, Perithecia atra, basibus
variantibus ab 120-240 pm (res media 195 pm), constituta
ex stratis nonnullis cellarum  fuscarum  vel nigrarum et
gignentes distinctas basilares spinas, 70-300 pm (res media
162 pum) longas. Colla 360-880 pm (res media 745 pm)
longu, 10-18 pm (res media 14 pm) lata ad mediom et
exique attenuata versus apicem 8-12 um (res media 10 pm)
lawm. Colla terminant in cristam 6-12 divergente dis-
positarum ostiolarium hypharuem, 8—13 pm (res media 12 pm)
longarum et 1.6-2.0 pm (res media 1.7 lwm) latarum, Ascos-
porag aggregantes in massas gloeoideas ad apices pern-
theciorum maturorum, productae vel ellipsoideae et exigue
curvatae. extremis distincte rotundatis, cinctas vagina
distincta visa translucida per microscopicum opticum, 94—
6 [m (res media 5.0 lm) longae et 1.6-2.4 pm (res media
1.7 um) latae vagina exclusa, quae (.8-1.2 um {res media
0.8 wmy lata est ad alterutrum ascosporae extremum,

noLoTypus:  DAOM 225447, specimen  siccatum  ex
hybrida inter duo segregata: C488, quoque appellatum CBS
1001949, ex Latifundio Vindesoriensi, Barcheria, Anglia,
Finus sylvestris L., lectum a 1. Gibbs 17 Mai [958, et C490),
quoque  appellatum  CBS 100200, Silva Lynfordiensis,
Anglia, ex Pinus sp., lectum a J. Gibbs, 12 Aprilis 1985,

Colonies on 2% MEA fast growing, with an optimum
growth at 25°C. Colonies attain an average diameter of
34 mm at 20°C and 66 mm at 25°C after 5 days of incuba-
tion in the dark. Colonies dark greenish olive (Ridgeway
1912, plate XXX, growing appressed with relatively little
aerial mycelium. Single ascospores give rise to both self-
sterile and self-fertile isclates. Perithecia black, with bases
ranging from 120-240 pm (mean 195 um}), composed of
several layers of dark brown to black cells and giving rise to
distinct basal spines 70300 Lm (mean 162 pm) long, Necks
S60-880 um (mean 743 pm}) in length, 10-18 pm (mean
14 pm) wide at the middle and tapering slightly w the apex,
B-12 um (mean [0 um) wide, Necks terminate in a crest of
612 divergently arranged ostiolar hyphae, 8—13 um (12 pm)
long and 1.6-2.0 um (mean 1.7 pm) wide. Ascospores accu-
mulating in gloeoid masses at the apices of mature
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perithecia, elongate to ellipsoidal and slightly curved in
shape. with distinctly rounded ends, surrounded by a distinct
sheath appearing to be translucent vsing light microscopy;
4-6 um (mean 5.0 pm} long and 1.6-2.4 im (mean 1.7 um)
excluding sheath, which is 0.8—1.2 pm (mean 1.5 pm) wide
at gither end of the ascospore. Conidiophores produced pro-
fusely on the surface of the medium, highly varable in

length, 140400 pum (mean 290 pum) long, and 46 pm

74 fmean 3.1 pm) wide. Conidia rectangular. with two points of

altachment and produced by ring wall building development
in distinct chains, 6-31 pm (mean 14 Um) long and 3-6 um
imean 4 pm) wide, With maturity, conidia may become dark
colored and barrel shaped to round.

SMATERIAL EXAMINED: HoOLOTYPE: DAOM 225447, a dried
specimen from a cross between two isolates: C488 (= CBS
100199, from Windsor Estate, Berkshire, England. Pinus
sylvestris, collected by J. Gibbs, 17 May 1988, and C490
(= CBS 100200% Lynford Forest, Thetford, England, from
Pinus sp., collected by 1. Gibbs, 12 April 1988,

OTHER MATERIAL EXaMinen: Walford, Herts, England, [rom
FPimus sp., collected W.0. Harper, 25 November 1948, TMI
32291; Scotland, board of Pinus sp., collected by Wilson,
designated as neotype of Ch wngeri by Nag Raj and
Kendrick, TMT 2001 64; Thetford Forest, England, Pinus nigra
Amold, collected by A. Uzunovic, September 1993, DAOM

" '25448. from isolate C795 (= CBS 100201 and 126/1el).

cULTURES Examined: Murdford, Thetford Forest District,
Norfolk, England. from Pious sp., collected by 1. Gibbs
April 1992, isolate C487 (= CMW |383); Alice Holt Forest,
Surrey, England, from Pinus sp.. collected by 1. Gibbs, April
1992, isolate C 489 (= CMW 1312).

This species fruits readily in culture and was used (as

C. coerulescens sp. A) to develop a genetic model for unidi-
rectional mating type switching in Cerarocystis (Harrington
and McNew 1997). Ceratocystis pinicola can be distin-
guished from C. coernlescens and C. resinifera by its longer
perithecial necks, shorter ostiolar hyphae. and shorter asco-
spores, though there is some overlap in these characters
among the three species. All specimens and cullures exam-
ined thus far have been from Pinwps in Britain, where it ap-
pears to be an important agent of bluestain but not generally
colonizing living pines (Gibbs 1993), Piesa species are not
indigencus to Britain. and C. pimicola may have evolved
from a more generally distributed species that occurred on
Pinus and Picea on continental Europe and North America.
DNA sequence data (Witthuhn et al. 1998) and isozyme
analysis (Harrington et al. 1996) places C. pinicola closest
to C. coernlescens sensy siricto.
.+ Bakshi's (1951) detailed description of C. coerulescens
appears to be the fungus we now recognize as C. pinicola,
as 15 the specimien used 1o neotypify the anamorph name,
Ch. ungeri (Nug Raj and Kendrick 1973}, It is more likely
that Miinch's (1907) concept of Ch. ungeri matches the
anamorph of C. coerwlescens sensu stricto, as emended here,
or O, resinifera, but uncertainty precludes us from connect-
ing Ch. wngeri with a teleomorph at this time,

Ceratocysiis polonica (Stemaszko) C, Moreau, Rev, Mycaol,
Suppl. Col. 17:22. 1952, (Figs. 23-28)
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Figs. 16-22. Ceratocysits pimicola (holotype). Fig. 16 Perithecium. Scale bar = 200 pm. Fig. 17, Ostiolar hyphae at apex of
perithecial neck. Scale bar = 20 pm. Fig. 18, Ascospores, Scale bar = 13 pm. Fig. 19, Conidiophore with conidium emerging from
collaretie: Scale bar = 20 pm. Fig. 20-21. Conidia. Scale bar = 20 pm. Fig: 22 Older, barrel-shaped conidia that have become

darkened and thick-walled. Scale bar = 200 pm.

Figs. 23-28, Ceratocysiis pelonica (neotype), Fig. 23, Perithecium, Scale bar = 200 pm. Fig. 24, Base of perithecium showing hyvphal
ornamentation. Scale bar = 200 pm. Fig. 25. Ostiolar hyphae at apex of perithecial neck. Scale bar = 20 pm, Fig. 26. Ascospores in
top view showing thick sheath, wider at the sides than on the ends &F the ascospores. Scale bar = 13 pm. Fig. 27. Ascospores in side
view, showing flattened, slightly curved bottom of spore and sheath."Scal® bar = 13 um. Fig, 28, Conidiophore near base of

perithecium, with emerging conidium. Scale bar = 40 pm,

=0phicstoma polonicim Siemaszko, Plant Pal, 7:32. 1939,

eMeEnDED  pEscrirTioN:  Colonies  dark  greyish  olive
(Ridgeway 1912, plate XLVI). Single ascospores giving rise
to both self-sterile and self-fertile colonies, with perithecia
being produced sparsely in culture in approximately three
weeks, Perithecia dark, bases round to slightly oveid, 192-
360 um (mean 277 um) in diameter giving rise to distinct
basal spines T0-220 pm {mean 121 pm) long. Necks dark
and tapering to the apex, 5601200 um (mean 220 um) long,
2042 pm (mean 37 um) wide at the middie. and 20-34 pm
{mean 25 Um) wide at the apex. terminating in a crest of
ostiolar hyphae 2040 um (mean 29 pm) long and 2-3 um

(mean 2.2 pm) wide. Ascospores accumulating at the apices

of mature perithecia; oblong, and slightly flattened al the
bottom, 5-0 Um (mean 3.5 pm) long and 2-3 um (mesn
2.5 um) wide excluding sheaths when viewed from the top.
with a translucent outer sheath, negligible in sizeyat either
end, flattened at the bottom, the ascospore in top view 4
5 um (mean 4.6 um) wide including the sheath. Coni-
diophores rare, uwsually associated with the hases of
perithecia. typical of the genus Chalara, One conidiophore
seen in the neotype, 120 pm long, § um wide at the middle,
4 um wide at the apex. Conidium cylindrical, produced by
ring wall building development. & um long and 4 pm wide,

MATERIAL  EXaMINED:  NEOTYPE:  Namdalsaid, Nord
Tronidelag, Norway, from Picea abies, collected by
H. Solheim, 1990, DAOM 223451, derived from cul-
ture C791 (= CMW 2224, NCC 90-120/181, and CBS
102057,

OTHER MATERIAL EXAMINED: Japan, from Picea jezoensis
isieb. & Zuec.) Carr. infested by Ips rvpographus L., col-
lected by Y. Yamaoka, 1989, DAOM 225452, from isolate
CT735 (= CMW 2273, YCC 067, and CBS 100206).

OTHER  CULTURES  EXAMINED:  Poland, gallery of
[ tvpographus in Picea abies, collected by W, Siemaszko,
deposited in CBS in 1938 as the type, CBS 133.38 (= C322%
Norway, collected by H. Solheim, ATCC 63335 (= CT31 and
CMWI164); As, Norway, from Picea abies infested with
L typographus. collected by H. Solheim, 1980, CBS 228.83
(= NCC 80-69/34 and C320).

This species was not recognized as a true Ceratocystis un-
til recently (Harrington et al. 1996; Visser et al. 1993),
Siemaszko’s  (1939)  original  description  states  that
C. polonica has a Leptographivm anamorph, but this is in er-
ror, the fungus produces a Chalara anamorph typical of true
Ceratocystis species (Visser et al, 1995), although the co-

nidiophores are rare and are often found only attached to the
perithecial base,

Mo dried material linked to Siemaszko's (1939) examina-
tions appears to be available, although a culture deposited bv
him (CBS 133.38) is viable and has the isozyme profile typi-
cal for this species. Unfortunately, this culture does not pro-
duce perithecia or conidiophores. The only perithecial
material we have available is from Norway and Japan, and
Norwegian material was selected for the neotype. All exam-
ined isolates are from Picea, most of which had been at-
tacked by the bark beetle [ fypographus (Solheim 19493;
Yamaoka et al. 1997). The ascospores of O polonica and
C. laricicela are unigue among the Ceratocysiis species that
we have examined in that the sheaths are considerably
thicker at the sides than at the end of the ascospores. and
they have flattened bases.

Ceratacystis lavicicola Redfern & Minter, Plant Pathol. 36;
468, 1987,

MATERIAL EXaMiNeD: Scotland, Larix sp., collected by
D. Redfern, DAOM 223453, from isolate CI81 (= 36-10
and CBS 100207); Scotland, Larix sp.. collected by D. Red-
fern, isolate C179 (= 56-2); Mount Fuji, Japan, from Lariy
sp., eollected by Y. Yamaoka, DAOM 225454, from isolate
C746 (= CMWI955, CMWIT85, LZ0A-Al. and CBS
P20 ) Mount Fuji, Japan. from Larix sp.. collected by
Y. Yamaoka. isolate C745 (= CMW 1954 and L30A-A2)

It appears that C. laricicola is restricted to Larix attacked
by Ips cembrae (Heer). We have examined cultures of
C. laricicolg from Scotland and Japan (Harrington et al.
19965, This species was well described (Redfern et al, 1987)
but was not compared with C. pelonica, Ceratocystis
pelonica and C. laricicola are associated with bark beetles
in the genus [ps across Eurasia (Harringion et al. 1996).
Their ascospores. particularly their sheaths, are distinet from
other Ceratocystis species, but we are not able 1o separate
these twa species based on morphology at this time, The for-
mer species appears to be adapted to Picea, and the latter, o
Lariv. lsolates from these respective hosts differ electro-
phoretically at an enzyme locus (Harrington et al, 1996), and
crosses between the two species give rise to no perithecia or
perithecia with aborted ascospores and very low germination
rates (Harrington and McNew 1998). We, thus, recognize
these species as distinct. The sequences of the ITS region
are identical for the two species (Witthuhn er al. 1998), so
we believe that €. polonica and C. laricicola have recently
diverged.
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Cerarocysiis rafipenni Winghield, Harrington, & Solheim,
Can. 1. Bot. 75: 825, 1997,

HoLoTyre: Caribou Creek, East Nelson, British Columbia,
Canada, from Picea engelmannii infested with Dendroc-
oy rufipennis (Kirby), November 1992, collected by
H. Selheim, DAOM 2223449, from isolate Co08 (= NFRI
232/8 and CBS 100209),

To date. all examined material has been Irom British

Columbia, Canada, but Davidson®s (1935) report of . codri-

lesceny from spruce in Colorado, U.S.A., is also of € rufi-
prenni. This species may be associated with . rufipennis
throughout its range in North America, A morphological de-
seription and illusirations are found in Wingfield et al,
(1997},

Like the other species associated with bark beetles,
C. polonica and C. laricicela, C. rufipenni rarely produces
conidiophores and generally lacks the fruity odor common
in species of Cergtocystis, Loss of conidiophore production
and fruity odors, as well as production of perithecia in re-
sponse o wounding of mycelium, are believed to be adapta-
tions to bark beetle vectors, rather than to the more general
insect vectors {primarily fungal feeding insects) known for
other members of Ceratocystis (Harrington et al. 1996). Be-
cause the isozyme electromorphs and ITS sequences of
C. rufipenni differ substantially from those of C. laricicela
and . polonica, we believe that these adaptations to bark
beetles arose independently. at least twice in the evolution of
Ceratocvsiis species,

DNA sequence analysis (Witthuhn et al. 1998) indicates
that . rufipenni is most closely related 10 C. resinifera.
Both species occur on Piced, though C ryfipenni is known
only in North America and only in association with the bark
beetle 0. rufipenni. Tt is pathogenic to Piceq in inoculations
iSolheim and Safranyik 1997) and may play an impertant
role in killing living tissue around the vicinity of bark beetle
atracks. The capacity of C. pesinifera to colonize wounds of
Picea was discussed earlier.

Morphelogically, C. rifipenni is easilv distinguished [rom
the other Cerarocystis species on conmifers by its large
perithecia, though they do not form abundantly in culture at
room temperature. Both C. rufipenni and C. douglasii have
temperature optima for growth at 20°C and typically pro-
duce perithecia at temperatures below this, often only after
many months under refrigeration {about 5°C).

Ceratocystiy donglasii (Davidson) Wingfield & Harrington,
Can. 1, Bet. 75::832. 1997,

=Lndoconidiophora  coeruleseens  Miinch [
Davidson, Mycologia, 45; 584, 1953,

douglasii

HoLoTyeE: Fort Colling, Colorado, U.S A., from lumber of
FPreudotsnga menziesii (Mirb.) Franco shipped from Oregon,
collected by RW. Davidson, 1933, BPI 393527 (= EP
T0703).

CULTURE DERIVED FROM HOLOTYPE: U324 (= CBS 336.97, for-
merly known as CBS 142.53) DAOM 322362 is a dried
specimen of CBS 556.97.

This fungus appears 1o be restricted 1o wood of
Prewdorsuga mengiesii in western North Amenca, where it
causes bluestain {Davidson 1953). An emended description

Can. J. Bot, Mol 76, 1998,

and illustrations are found in Wingfield et al. (1997). A wypo-
eraphic error was made. however, in the dimensions of the
ascospores, which are 2-4 um (mean 3 pm) wide excluding
sheath rather than 4—6 pum (mean 3 pm) wide excluding
sheath

Ceratocystis douglasii appears to have a biology similar
to C. ceerulescens and C. pinicola except that the host is
Psewdotsuga rather than Pinus or Picea, and the geoeraphic

= distribution of the fungus may be restricted to the natural

gengraphic range of its host, western North America (Wing-
field et al. 1997), Of all the species treated here,
C, dewglasii has the most distinetive isozyme profile (Har-
ringgton et al. 1997) and ITS sequence (Witthuhn et al, 1998),
It produces long conidiophores on wood and relatively large
perithecia and ascospores.

Discussion

Of the recognized Cergfocystis species, only seven occur
primarily on conifer species. all on members of the
Pinaceae. Partial interfertility (Harrington and McNew 1998)
and similar isozyme patterns (Harrington et al. 1996) sug-
gest that these seven species are closely related, and phylo-
genetic analysis of the ITS region of rDNA shows this group
to be monophyletic (Witthuhn et al. 1998). Ceratocvystis
vigeseens and C. ewcalypel occur on angiosperms, and, along
with“the asexual Chalara australis and Chalara neocale-
aonige, are apparently the nearest relatives to the conifer
clade (Witthuhn et al. 1998). It appears that a single evolu-
tionary event led to the Ceratocystis lincage that occurs on
the Pinaceae, and this seems likely to account for the fact
that the seven species of Cerafocystis on conifers are mor-
;phologically quite similar and are difficult to distinguish on
thiz basis.

These fungi have similar Chalara anamorphs and tvpical
Ceratocystis ascomata, with spines at their bases and with
necks terminating in distinct ostiolar hyphae. Thev also have
ascospores of similar size and shape. One ol the most char-
acteristic features of the species discussed here is the elon-
gate to slightly curved ascospores with distinet sheaths.
These protrude particularly from the long ends of the asco-
spores in all but C laricicola and €. polonica. In the later
two species, the sheaths are noticeably thicker at the sides
than at the ends of the ascospores in top view, and in side
view tend to be flattened on the bottom. This feature easily
separates these two species from the other five conifer species
ol Cerarocvstis. From ultrastructural studies of sheathed asco-
spores in species of Ceratocystis and Ophivstoma (van Wyk
et al. 1991) we believe that these sheaths represent rigid
walls. It is important to note that measurements of asco-
spores made by early authors (Minch 1907 Hunt 1956
Diavidson 1953) probably did not include these sheaths. Un-
certainty regarding this question has also made inlerpretation
of previous descriptions difficult.

The seven coniler species of Cerarocystis discussed here
well illustrate the complexity of the genus Cerarocysiis and
the limitation of morphology in defining species. Based
solely on morphology, only two species in this group might
be clearly distinguished: C. coerwlescens and C, polonica,
The morphological features of Ceratocvstiy used in lavon-
omy are adaptations for insect dispersal. With the exception
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of the three species associated with bark beetles, the vectors
of Ceratocystis species are a diverse collection of fungal
feeders that are attracted to the fruity odor of the mycelium.
These unspecialized insect associales may serve to carry
conidia to other mycelial mats for spermatization of proto-
perithecia or may disperse ascospores to fresh plant wounds
or bare wood. We believe that host adaptation has been
more important than vector adaptation for speciation within
Ceratocysiis, and substrate relationships are valuahle pheno-
Lypic characters in defining these species. Other physiologi-
cal characters, such as isozyme electromorphs and growth
response to temperature, have proven invaluable in delineat-
ing these morphologically cryptic species. Further, mating
responses and DNA sequence analysis have aided in identi-
fying lineages within the group. It is likely that similar stud-
ies in other major clades of Cerarocyvsiis will also idenuly
many new taxa,
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