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Abstract: Nineteen electrophoretic phenotypes
{unigue combinations: of electromorpha) were found
among 95 isolates of Ceratocyshis coenilescens and mor-
phologically similar species using 10 isozymes, Analysis
of the isozyme data and morphelogical comparisons
suggested that there are Gve varianis of €. soeruleseons
found on conifers: three are associated with blue-stain
of Picea or Pimus, one (G corrulescens {. douglasii) with
Huc-stain of Preudotsuga, and one associated with the
bark bevtle Dendroctomus mifipennas on Picea, Cerafocystis
fodomicn and €. lancicols, associated with bark beetle
species in the genus ffs on Pues and Lenx, respec-
tively, had similar Sozymes, are morphologically in-
distinguishable from each ather, and should probably
be synonvinized, Cerafocysiiy virgseens, cause of stain of
hardwoods and sapstreak disease of Acer saccharim, is
distinct from the conifer species of Ceratocysits in iso-
gyme eleciromorphs and apamorph morphology. Tso-
eymes of €. wirescens show some similarity wo those of
two Australian species, an undescribed species of Cer-
atocyitis from Eucalypius and Chalara australis. The
Cholors states of these three hardwood species and
Chalara wesceledoniae are morphologically similar,
Key Words:  Acer, blue-stin, Chelare, Dendroctonus,
Eucalypius, Larix, Picea, Pings, Preudotsiga

INTRODUCTTONN

Ceratocystis sensu svicte (excluding Ophiostoma) is a rel-
atively small genus of often insect-vectored ascomy-
cetes, comprised primarily of plant pathogens and
wiod-staining fungi (Kile, 199%), In spite of their eco-
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nomic Imporiance, species limits within the gemus are
poarly defined, particulardy in the group of mxa re-
ferred o here as the O oerulescens complex, Cerato-
oty coerilescens (Munch) Bakshi was described as a
cause of blue-stain in the wood of spruce {Pieea) and
pine (Pinus} in Europe (Miinch, 1907). The anamorph
state may be Chalara wungeri Sacc. (Nag Raj and Ken-
drick, 1975).

Our examinations of . corrulescens isolates suggest
that there are up w five morphological variants of this
species on conifers, Two of these variants from west-
ern Morth America were recognized by Davidson (1953,
1956), one as €, ¢ f. deuglasii on wood of Douglas-
fir [ Prendotsuga menziesis (Mirh.) Franca] and the other
as an assoctte of the spruce beetle, Dendrocionuy ru-
Sfipenmis (Kirby) (Coleoptera: Scalytidae).

Twao other conifer taxa related to €. coerulescens are
aiso bark bectle associates. Ceratocyatiy polmmica (Sie-
maszko) Moreiau was described from spruce attacked
by fps typographu L. (Siemaszko, 1939) and €. laricicole
Redfern & Minter from larch {Larnix) attacked by fps
cembrag Heer (Redfern et al, 1987). The i typogra-
fhies associate had been known as Gphiastoma folomicum
Stemascko but recent studies (Visser et al., 1994) have
shown that the species belongs i Ceralecpsisn,. With
this recognition, € lancicela is ditficult wo distinguish
morphologically from . pulonica,

Davidson (1935) and Verrall (1933) reported € coe-
rulescens as a cause of stain in hardwood lomber in the
southeastern United Svaves, and Davidsan (1944) later
deseribed the hardwood fungus as new: € orrescens
{Davidson) Moreau. (hhers (Hunt, 1956; Upadhyay,
1981} have considered this hardwood species as a syn-
onym of C. coerulescens, ulthough this was not sup-
ported by Kile and Walker (1987). The hardwood spe-
cies is recognized as a cause of sapstreak of maple
{Acer) in the northeastern United States, and similar
diseases on angiospernis in New Caledonia and Aus-
tralia (Kile, 1993) have been associated with Chalara
species; Chalara neocaledonige Kiffer & Delon was re-
ported on coffee and guava and Ch, sustralic Walker
& Kile on Mathefagus. The anamorph of € virescen is
similar to the two Chelerg species and also to the ana-
morph of a weak pathogen on Eucalyptus, an unde-
scribed species of Cevatoepstts. Ascospores of the Eu-
calyptus fungus are much larger than those of © -
rescend or O eoerwdleweny (Kile etal,, 1994),

Isorymes have proved useful in delimiring species
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and infra-specific taxa in other fungal groups (e.g..
Lepiographivm, Zambino and Harringron, 19849; 1992).
Before describing new taxa or synonynigng species
bl iy porphiology, we chose to apply isoryme anal-
yils to the €. coerilescrns complex. Besides the five
vartunies of O drerwlesens, we studied G poeloniea, ©
aricicota, O, virescens, Uhe undescribed Ceradocpstis spe-
cies from Hucalyptus, and two morphologically similar
specics with no known weleomorphs, Chalore auiralis
and Ol weocaledoriue,

MATERIALS ANMD METHODS

Ninety-cight isolates of Ceratorystis and Chalara from
Avstralia, Mew Caledonia, Japan, Morth America and
Europe were tested for soevme variation (TABLE T).
Many of the solates were obmined from recognized
collections (ATOC and CBS), and othiers were supplied
H. Roll-Hansen and . Solheim, Norwegian Forest
Institute, Norway; [) Redfern, Forestry Commssion,
Morthern Research Station, Fdinburgh, UK. ]. (aibls,
Forestry Commission Research Station, Alice Holt
Lodge, Surrey, England; ¥. Yamaoka, Department of
Plant Pathology, University of Tsukuba, [baraki, Ja-
pin; 1. Houswon, U.S.D.A. Forest Service, Hamden,
Connecticut; and T. Hinds, U5 DA, Forest Service,
Fr. Collins, Coloradeo.

Fresh mycelium [or eneyme extraction wis grown
i 30 ml of liquid mediom {20 g Ditoo malt exirac
and ¥ g veast extruct per liter of water) in 125 mi
Erlenmeyver Rasks and ncubated at room temperature
for approximately two weeks, Buffers and protocols
for extvaction of the enzyimes from mycelia onto paper
wicks were as previously described {(Zambino and Har-
ringron, 1989; 1992). Wicks were froven at-70 C untl
clectrophoresis. Starch gels (12 %) were prepared as
described by Marty e al, (FP084) and poured into gel
forms such as those descrbed by Cardy e al, (1983),
Ruffers and elecirophoresis conditions are shown in
TasLk 1L Smining for FUM and GHPD activity fol-
loweed the procedures of Marty et al. (1984), but stain-
mg for other sogymes foliowed the procedures of
Cardy et al. {1585}, Ar least two independent extric-
tions from each isolate were tested for isozyme activity.

Among the isorymes tested, only 10 gave consistent
results for all B8 isalates. For cach solate, only one
band was cvident for most of the 10 Bozymes, bt
second bands were inconsistently seen in some isolaies
when tested for DLA, GEPDY, and. PGD activity, With
these latter three isosvmes, only the consistently pro-
duced band was scored. Electromorphs of represen-
tative soeymesare shown in Friz. 1, For cach isceyvme,
cleciromorphs were designated by letlers in order of
decreasing anodal migragion,

Electrophoretic phenotypes were defined as unigque
combinations of clectromorphs for the 10 isozymes.
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ey n order of decreasing anodal migration, for fomerase,
ocitrate dehydrogenase, aspartawe amiisiranslerase, and

phosphogiuconate delypdropenase

The electromorphs were psed to cluster the ETs into
putative maxonomic units. A matrix was developed us-
mng Rogers' genetic distance (NTSYS-PC program,
Raohlf, 1990) or Nei's genctic distance (Felsenstein,
1993) and a phenogruon was generited using neigh-
bor-joining (Felsenstein, 1BU3),

RESLULTS

Nineteen electrophoretic phenotypes (E'Ts) were iden-
tified armong the 98 solates of Cretecystis and Chalara
tested (TABLE T1T), Ome to four omigue ETs were seen
inench of 11 purative veonomic unies, The ETs within
a taxonomic unit generally varied for only one or two
isoeymes, but the 10 fested fsolates from Eucalyius
showed variation in electromorphs for four of the ten
isopvmes, The isozvmes AAT, DIA and GIDVH were the
most variable of the enzymes, with eight eleciro-
micsiphs for each Fouwnd among the U8 isolates (TABLE
I1). In contrast, only iwo electromorphs wore seen for
GAFD.

Cenetic distances among the electrophoreric phe-
notypes were determined by both Nei's and Rogers'
methods, and neighbor-joming amalyses of these ma-
trixes gave similar opologies. The single solate of ©
. f. douglasis represented a phenotype quite distinet
from the others, and principal component analyses
{Rohlf, 1990) indicated that this phenotype had lirile
affinity 1o the others. It was used as an outgroup in
generating the tree in Fic. 2. The other phenotypes
fell into two clusters, one primarily of the isolaves from
hardwoods and the other of coniler solates only.

Analysis of the isoevme data grouped similar ETs
nto what appear to be natural @axonomic units or



Tamr 1.

Isodate mammibers, subsirie, origin amd elsciropharetic phenotype of Belaes of Cemboeysti and Chalar esamined for isoeyme variation

Eleitrs-
Eaobane CaoLiniry [HBeLic
Bproies M, Chiher Mo, Anllecios® Subsirale of origin phenoivpe
L cowruleicenis sp. A CaT CMW LRSS, defins Gibibs Pina Englancd |
C4Es CMWIATL, 807 /Gilkbs P syloestnts, tree Enp;la:‘ul 1
C4EY CAW TELE, (006 /Gibbs Pious wigra, log England 1
L 1] CMWILAEE, G001 Gibbs Himin Euglﬂ'l.d 11
1L roeribevians sp. W {nui CHBE4R 8000, Lilga P or o, log Finkanad 111
318 CHS140.47 Plcea addes, wiood Lerramany 111
2501 ATCCTZEEY, B ACamphell Piman beshoang, wond Minaresatse, 1.5 A 111
G321 CES18T. 34 /Rcteman Mot timber Wetherinnds 111
T ewrnlenens sp. O L350 CAWAS ], GORMAT Hinds Picen engeimanmii, wood Mew Mexieo, LsSa I
(274 MERIHG-414-h Pien ativs, log oy 1w
{662 NFRIRG-444-55 Ficen afees, winmd Werway 1
L MEFIET50-2 /Rall-Hansen e atues, bog Nomamy 1
G276 ATOCHA503, NFRIGE-15T-21 /Roll-Hansen Pived abdes, wionnd INorway ¥
(L peernlercens sph, 1 LA SRUE Sl lein Piven engelmannet; Dendvostors B, Canaeda vi
rin vl
LR 256-0 /50l heim FPiven engelmennee, Oemdroctore- BG, Canada Wi
s s
Lo{ 3 L) FA0-7 Solhelin Fivea sngefmannii, Dendrocton- B Cameacka Wi
wr rufipenmni
il HEL-H Solheim Micea emgefmanmee, Lendrocton- B.C., Canada Vi
o tufienai
RS 250U folheim Pivea engelmannre, Dendroctor- BOC Canada L |
w3 I fipennii
CHIL A2 Sl heten Pices engelmenntt, Dendrogterr- B, Canacls Wi
T J'r.lﬁ_p.r.um.t
2 commlereens [, deinglasid L O 5 | A 142 58, TOT04 Davidson Prrnduisga meiziend, lumber Colorsdo, LLS A ¥l
fremm { dregoas
0 e fon Cilga NOCCIT14-1-1 Flivea akivs Mraay will
R0 CHBSZ2EERL Solhemn Fivea ales, .f;u-: I;rf:upn;ﬁhw H:m:r Vil
L CBE1 S 5B ASiemaisrko Pliven akips, T bypograpiis Fedand Vil
{75 CMWETE YOO 15 Yimuaoka Fivi fezoenads, S dypograpbis Japan Vi
CThE CMWEETE, YOCOET Aamaeka Ficea fezoensiy, ffs dypegraphus Japan Wi
CT5T CMW2ET, YOO 1B Yamoky Pivea fezoensis, [ bypographis Japan Vi
LT CMWLGE, ATCOGR2ANG, K053-T SAolbieim Ficea aliey, .ilﬁu. .I;p;t-ﬂ,gnf,ﬂl'rm Moy Wil
)21 CMW244 1, BE-14-40 /Sollieim Piven lies, Bt Fypsogrfins Morway Wil
LTah MWL, BA-494 Saollenn Firwa abies, o dyfagraioi Moy Vil
T UMW, DO 120181 MSalheim Picen ahivs, ffs Iyppapraflas MWy Wi
%, faripienin 741 CAW D5, 1A LAY amanka Lariz, {fu cembone Japan 1x
CTAR CMWIEREE, LA5A /Y amaoka Larix, ffa iembans Japan 1%
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Tamg |, Conemued,

Electro-
Isalate Cauntry prlaorelic
Sparcics Nao® Chher Mo, Mollecior® Subsiraty ol origin phenastypee

CT4h CMWIAAS, LM Yamaoks Lurix, Ifn combrar Japan ix
LT46 CMW 955, LE0AYarmaoks Farix, ff cownirod Japan X
o 55-9, Redfern Larex decidun, I ceoivas Sentland b |
Cive Bif-18/Redfern Larey decidun, fgn crmbran Scorlamd Xl
C179 A2 Redfern Lavix decidun, Iw combrae Scotlamd xl
CITH Bil-12/Redfern Lavix decidun, Ifn cembrad Ecotkanil Xl
1A Sfi=10/Redlern Farvix devideia, Mo cembrue Scoband bt |

{2 wresceris Ci6d Maritle l-1 MHoustan Acer saccharinam Mew York, 1154, X1l
208 ATOCI0GE, Forintck 27EA, 94356, Hepting Livtaderdron fuligafera, veneer  Noih Caroling, U5.A, bl
251 Mantle | -G:U5  Housion Aver saceharut, sopsireak Mew Yook, LL5.A, X1
G52 Manthenitl / Housaon Acer sarchanem, sapatreak New York, U5A, X1l
{954 Mantleas  Hesstaon Acer saccharnm, sapeireak Mew York, LLEA X1l
254 Wamtlets Howsion Acer sacchurim, sijsireik Mew York, LL5A, Kl
255 Mantle 1 28/ Houston Aver saccharum, supsireak Mew York, USA RIT
250G AMTE/Houswon Acer svehkanim, supsireal Mew York, LsA, XL
C257 Lytwkaker] /Hoston Acer saccharum, sapstreak New York, US.A, Xn
C25R Lyhedaker¥ /Houston Acer paccharum, sapsireak Mew York, LSA XIT
C250 FET# 3 /Housion Acer paceharum, sapstresh Mew York, LLEA. bl
260 FFT# 1/ Housteon Aver saecharum, sapsireak New York, L5 A wIT
(261 Yancy/Houswon Aver saceladinm, sapsireak Mew York, LLEA X1t
60 Hounston Fagnr americanicm, log New Hampshire, U5A, XL
L LIS, CMWAA T AShig AN
T4 EWE=a38 1, CRWAGE, COH62 Hinds Cheerries, wonid Mew York, L5A ®in
iR Hustini Ay smecharum?, saprircak? Mew Hampshive, US A, XIII

Ceratwcyiis s, Trom Feealyi- G4l VI JKile Fusnlyfaiu Yictoris, Austrilia X1y

(T 45 WICH Kile Fivalyiaius Wictorin, Ausiralia KW

CIRBY Vi/Kile Fusuleius siefen Victorhs, Australia Xy
O Vi/Kile Eucaphyfius glidepidea Victoria, Australia xXIv
v VirRile Freenlypiug globerided Vicworis, Australia IV
Chd W12/ Kile Fuoalyfdus sieten Victoria, Australia xv
A4 Vi Rile Frevalypius steberi Victoria, Austrafia Xv
(44 VA /Kile Fuonlyplus sieberi Vietoris, Australia ny
Ci45E VE/Eile Encealyfius steberi Victoria, Australia KVIL
B VT /Rl Frerglypius stebers Victoris, Austrulia KW
CART YEI /Kile Ecalypitus remmant Tasmmania, Australia XVIl

el anidrdn 448 LA b Marhufagrus enmirgghamis Tammania, Ausiralia XVIIL
(A1 B Kile Nothofogun rennirghan Tasmmania, Australia RYII
C45% BEG  Kike Mothofagus evrnimghmis Tasanuania, Austradia XVIIT
C4ad ESPaKile Mothofagus cunminghoned Tasmania, Australia XV

NALWMWOD) ENI2SFLINTOS SILSLOIFET ) Ty 18 NOLDRTHETYE
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Tasee 1. Contirned,

18]

Eleciro-
Lsafare Luntry phoretic
Species Mo Other Mo Collector® Substrane ol origin phenatype
454 ESP6, Kile Nethafagns cunminghomi Tasmamnia, Australia A
Ciahh LFERHeapedd /Kile Methafegny oirningp o Tasrmandia, Austradis LA
C450 LERDroughtl/Kile MWethafagus cunninghamii Tasrmmmi, MAuasiralia XVL
14 .55 Kike Inobafagus cureringhami Tasmamin, Ausiradia A
CA15 X1 /Kile Methafagus cienminghamid Tasmands, Ausiralia VI
Cal6 Blickwatey/Kile Neghafagus cunminghamii Tasmamia, Australiz XVIII
Calv LB /Kile Ivlbefagruy curening e Tasmania, Auastralia BA
ChilE 2.85/Rile Methatagur cunninghamil Tasrmamia; Australia XV
Chila T.ol Rike MNethafagus cumringhamii Taasmmeiin, Australia XVILL
CHBD BRI Kike Methafagus curnminghane Tasmamin, Australia ®AVII
i BRA Kile NMethafagus ciorminshami Tasrmanil, Australiz XV
X2 200/ Kile Mettafapus curringhemi Tasmamin, Australia NV
LI i L1 /Kile Mebhofagns cunminghamit Tasmanin, Australia XY
CH24 2,88 ,/Klile MNothafures cunrirghamii Tasrmania, Ausiralia A
CH25 288 /Kile Medfafagus curminghamii Tasmanin, Ausiralia AL
Gl Esph/Kile Methofagus cunninghamif Tasowands, Austrofia LA
627 Espl L /Rile Methafagus cunminmhamii Tasranii, Australia KWL
CHER BHE11 /Kile WNedbofagus ciirninghami Tasmanis, Awsiralia A
Call M1 /Kile Methafagus conninghumii Victaris, Australis LA
RS2 M2 Rile Nethofugns clnmirghuamii Wictoria, Australia XY
CHaY M3 Kile Methafagrs orrmirg AT Victorin, Australia LA
Gl M/ Rile MWothafagur cunninghamin Victoria, Australia XYL
Ch3s M5/ Kile MNothaofagus currinriome Victoria, Australia MVILE
CA36 M7 Kile Methafagus cienninghamil Victoris, Australia XV
C837 K/ Rile Nithafagus cunmin f Wictoria, Australia XYL
CE3R |66/ Kile Medhafages corminghamdl Victorin, Austrolia NV
. rencaledin tae Gty CH5149.85, LOPM D55,/ Kiffer Caffie vedmusio Mew Caledonia MIX

* Isalate mumbeers from the coblection of e senior dobos.

* Codleciors and their institntions are listed in the Materials and Methods.
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Abbreviations; buffer systems and number of clectromorphs found for 10 eneymes tested for varation in the

Butter
aystem,/ Mumiber of
Enzyme Abbreviation EC Number® Dilutions" cleciromorphn

Aspariate gminorransferase AAT | EfA: H
WADYH dizphorase DIA 1845 Ef1:15 B
Fumerase FLIM 4.2.1.8 ESL=% i
Ulucose-G-phosphate debydrogenase CaPD 1.1.1.49 E/none 2
Dlucosephosphate Bomerase 11 5819 T 5
Giluramate delyelrogenase (NADP} IO 1.4,1.3 Bo1:8 8
Isncitrate dehydrogenase 1DH 1.1.1.42 EF1:3 4
Malaie dehydrogenase MDH LY. 17 B1:5 1
Phosphoglucomutase PLM 549 % BAE 3
Phosphogluconme dehydrogenase PLID 11,143 Esi:l 5

* Mpgnenciature Committee of the Infernaional Union of Biochemisiry,
b Buffer B wis o continuous kistine citrate system, adjusted o pH 5.7, run at 9 watts constant wisttege for 4 hours, Buffer
E was o continuous morpholing citrate systens, sdjusted o pH 8.1, runcac 15 wans constant wattage for § hours, except for

diapdsorase, which was run ai § watts for 6 hours.

species (F1G. ). The single ET of €. polonews clustered
with the three ETs of . laricieols, Two Els of C.
virescens differed by only o single soryme and werg
chisrinet froom all other tixonomic units, The four Els
of the undescribed species from Eucalypius clustered
together. No variation was found among the 30 iso-

lanes of Ch austrelis, which grouped nearest o Ch
neogalidonine.

Within . cowrnileseens, Bve clusters of ETs could be
seen sp. A, sp. B.osp. G, sp. D and E douglasi. The
twa ETs of sp. A differed by only one enzvme, as did
the two ETs of sp. C (TABLE 11} Two of the varianis

TasLelll,  lsozvme electromorphs for 19 electrophoretic phenotypes among 88 isolares of the Ceratacyati roerulescen complex

Eotmm———: e
Mum-
ber
Electro- nf |
phwretic o wun s
Specics phenctvpe  Jates  AAT DIA FUM GEFD GPL GDH IDH MDH PCM PGD
0. eoerulescens sp. A | | Be E |3 B C I c T T ih
1l | 1] G E H £ B c I Ti T3
(% eoericleicens sp. B 111 + A E E I I3 A G I B B
[ roerulescens sp. O v A4 I b I i ¥ G A ¥ A B
L 1 E H* I B c c A L A B
0, coerutercens sp. T VI f H B 1 B B G A L A B
. eowvetercens [ doaglosy VI 1 A G F A E i I b} C A
{7, polawion VIl Ll E B Ik B Ir B G ! B E
. lericicola = 3 E I v B ¥ B [ i B E
x 1 i F 1 B ¥ B L & B B E
A | 5 E F v B ¥ 3! C B B E
. viretcens X1l 13 F B I B C 1] A A A B
X111 4 ¥ B 1 B [ 1] A A A B
L ap. from Ewcalyplus XV L F G A B B E A H A L]
xy 2 F B A i A E A A A I
XVl 2 F G A B B E A A A £
AT 1 F [ A B B H A A A i
Chalava austrile EVIIT k.11 F m [ B’ i I B A c B
Chglara neccalidomias XIX | c A B B A F 1% A ke B

¢ Letters represent isozyme electromarphs for each isozyme in order of decreasing anodal migration.

U Mo activity for DA,
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C. coendescens C
—\| C. coerulescens D

4]
—|'_ xui | G- virescens
X
XVI | Ceratocystis sp.

Xv from Eucalyplus
Xxvil

XV Chalara ausiralis

XX Ch. neocaledoniae

I Yill C. polonica
Xl

X | C. laricicola
I 1X
Nl C. coerulescens B

—|'_'“ C. coerulescens A

Vil C. ¢ f. douglasil

Fiie 2. Phenogram {Nelghbor-joinlng analysis) based on
sopyme - cleciromorphs of 19 dectrophoretic plenotypes
{ Ry nomeralsd i thee Geraloeyolis soevn e l:1.l||l|1|.-|.':l|..

isp. A and sp. B) grouped most closely o £ pofomica
and C. frdeicoda, andd sp. Coand D grouped most closely
to 0% wlvecend (Fid, 2) G e fL dowglasl was represented
by ool one solate, which bad unigque eleciromorphs
for five of the ten isozymes tested and did not cluster
with the other phenotypes,

[MSCLISSI0N

Analysis of the isozyme data clustered morphologically
sitnilar Badares and supported delineation of many spe-
cits within the C. coenilescens complex. Although the
oumber of Borvmes tested was too low o confidenty
compare the relative relatedness among all the tested
taxa, two broadly defined groups were suggested: one
centered around the hardwood species . oirevemw and
another centencd around © coerulescens sene siricte
{sp. A). The isolate of €. e [ degglos did not cluster
closely with other isolates.

Hardwosd species. —Four taxa oo hardwoods (C. veires-
cenis, Cernfvcyiis sp. [vom Buepalyitus, O, ausfralis and
Ch. nevcatidonine) share many isoryme eleciromorphs
and have similar conidicphore states: rapering and
proliferating phialides as opposed to the non-tapering
phialides typically [ound in the conifer species of the
{2, coeriefescens complex. Three of the hardwood species
are primary pathogens and are believed 1o be-similar

in pathogenesis (Kile, 1993}, but the species on Eu-
calyptus is only weakly pathogenic (Kile, unpublished),

The degree of within-species variation in the hard-
wood group may be a reflection of the sexual eoim-
patihility systems of these respective taxa. Among all
the species studied, the Eveslpius fungus had the
greatest variation in isoryme electromorphs (four Els
among 10 isolates), This species s hewerothatlic (Rile
et al, 1994), and assuming that ascospores are the
primary dispersal propagule, an isolate would be forced
to cross (o be disporsed. Substantially less variation
(wor ETs ameong 17 wsolates) was found in O iremeis,
Aside from the specios on Eucelypius, the Ceratecystis
species studhed here, including C. vorescens, are ho-
mothallic, perhaps due to a mechanism of mating type
switching (Harringron and  McMew, unpublishedy,
Thus, ascospores can be produced by selfing in €
wirepeens, and an incermediare level of variation might
be expected. Chalara australis showed ne vartation in
isoevine electromorphs and has no known teleomorph;
it is apparently dispersed as asexual propagules, most
probably in the frass of ambrosia beetes (Kile, 1093).
This low leved of Boeyme polvoorphosm might be ex-
prected in such an asexual fungus (Zambino and Har-
ringgron, 19849; 1992). The data would suggest that
theve has been linde sexual recombination since spe-
ciation or since introduction of Ch, gustrelis 0 Aus-
tralia, but the specics is not known outside southeast-
erm Australia,

Conifer species, —[soryme variation supports disrin-
guishing five morphotogical variants of €. ceenilescens
as distinet taxa. Differences in electromorphs between
any two of these variants was substantial, greater than
that found within the other Ceraforystis species studied,
Twao of the variants of . cosrilescens showed similarity
ta £, polonica and €. lonideela, two were closer 1o the
hardwood species O wireseend, and the single isolate
of € o f. deuglass differed markedly from all of the
other isolates in isozyme electromorphs, An isolate of
o eornlescen examined by Wingheld er al, (15994) for
TEMNA homology had greater similanty o L, viresoens
than o C. lericicola. 1L is ot chear 1w which of the five
varians of O coersilesceny their isolare belongs, but the
mozvme data presented herein would suggest thar their
isolate was €. coerulescens sp. C,

Amaong the variants of O ooevulescend, the solates of
sp. A are morphologically closest to Mimch's (1907)
concepl of the species, The four isolates we studied
originated from stained wood of Finus spp. in En-
ghanid, Perithecia produced by pairing (solate G200
withh any of the three other isolates (G487, CASE, or
CA80) were large and robust with long necks, Biting
the dimensions given by Minch (1907) and as rec-
ppnized by Lagerberg et al. (1927}, Slemaszko (19354},
and Bakshi {1951).
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Cinly one isalate (G301 ) representing sp. B produces
perithecia in culoure, and these perithecia are smaller
than those of sp. A, However, Campbeil (1857), whao
ariginally isolated C301, reported dimensions of per-
ithecia for £ roemilesorns similar to those reported by
Minch (1907}, and crossing C301 with G693 resuls
in perithecia with necks comparable to those of species
A, Our specics B isolares were from both pine and
spruce in Europe and North America. Similarity in
biology and paucity of perithecial material for mor-
phalogical comparisons preclude a clear separation of
sp. A from sp. B.

Perithecia of sp. C produced in calture have shorter
necks than the perithecia of sp. A Isalates were ab-
tained lrom Europe and North America, At least twao
of the olates representing sp. © were from wouneds
in spruce. As a wound colonizer of living trees, this
species may be weakly pathogenic, which is also true
for the most electrophoretically similar variant, sp. D.

Species D appears to be the variant recognized ly
Duawidson (1955) from beetle-attacked spruce in Col-
oracdo. Car isolates of sp. D grow slowly at room (ems
perature and produce perithecta only at 20 C or less.
Ascospores of this variant are larger than those of the
other conifer species. Cur isolates of sp. D all orig-
nated from Oendrocionus nyfipeniis or from Picea en-
gelmannii nrtacked by this bark beetle in Canada. 1t
appears (o be pathogenic to spruce (Solheim, 1994)
and is likely 10 be an important symbiont of this bark
beetle. Its pathogenicity would tend to coincide with
the pathogenicity of the other species with which it
shared isosyme electromorphs {Le., sp. Cand the hard-
wood species of the complex).

Davidson's (1953) recognition of isolates of € coe-
ritereens from Douglas-fir as g separate form s well
supported by the isoryme data, although C e £ doug-
dasid was represented in il siwdy by only one solane,
Tts sensitivity 1o warm temperatures and the two types
of conidiophores described by Davidsody (1 953), par-
titularly the long, tapering phialides, further distin-
guish this fungus, Although rreated as a svoomym of
{2, eowrseleseens in the past (Hunt, 1856; Upadhyay, 1981)
we beliove that O ¢ [ dosglasi should be recogmired
at the rank of species,

The other examined species from conifers, . po-
trmpca and O lamoicols, are noteworthy for their as-
cospores, which are relatively small, more broadly ¢l-
lipsoid with broadly-thickened sheaths {outer walls),
and have two distinet guttules &t cach end. The as-
cospores of the other Cerafocysins species studied are
considerably longer and have sheaths that are most
obvious at their wrminal ends. Comdiophores are
gearce in L, pedonics and . lavicieols and often found
only as hairs or ormaomentation on the base of peri-
thecia, When G, fervivicela was deseribed {Redfern et
al,, 1987), it wis not compared 1o C polonica, which

wis then belicved w be an Oghisstoma species with a
Leptographium anamorph, Now that O, folomicn 15 rec-
ogmized 0 have a Chalore anamorph (Visser et al.,
1994), the morphological distincrion between €, lar-
el and . polanica is ditficult to discern. Isolares
of € polonien from Poland (an isolate from the holo-
tvpel, Norway and Japan had identical isozvme elec-
tromorphs, and these differed only slightly from the
ETs of . lercicola, which originated [rom japan and
Seotland. These two taxa are sirongly associated with
closely related species of Igs, perhaps co-evolving with
their insect symbionts,

Bark beetle agoriations. —5Soveral characteristics of €
polonica and C. {aricicola are atso found in C. coerles-
cen s I3, the other bark beetle associate in this stady,
These three txa produce few conidiophores and gen-
erally lack strong, fruity odors, features important to
spermatization of mats with conidia carried by [ungal-
feeding imsects. Because the protopenthecia of these
species are mostly contined to the galleries of bark
beetles, the opportunity for cross-fertilization would
be less than i the other Ceratocysfis specles, which
tend to produce mats with protoperithecta on exposed
woodd, Because mats would not be exposed for acqgui-
sition arvd dispersal of spermatizing conidia, the bark
beetle associites might be expected to suppress co-
nidiophore production and the production of attruc-
tive volaniles (such as isobuivl acetate). They may also
respond strongly 1o wounding of the mycelivm (feed-
ing by bark beeties) as i cue 10 producing many per-
ithecia with ascospores, and cultures of these species
on malt agar do tend (o produce perthecis in abuan
dance atrer wounding. Because the Ipw-associated spe-
cies (. polonica and C. laricicola) and Dendfroctomnis-
associated species (p. 1) showed dissimilar jsoeyme
electromorphs, it may be that suppression of conidi-
ouphore production, the low level af Odors and he
wound response evolved separately in the fis and the
Dendractonii-associated Cerafocyalis specics.

Although the association of Ophosiema species with
bark beetles has been mueh discussed {inost recently
by Harrington, 1993), the assocition of Ceratocyshis
specics with conifer-infesting bark beetles has only
been recognized recently, Depending on whether €0
{gricicata and €. polonica tarn out w represent distine
TaXa 0F nol, we are now aware of two or perhaps three
species of Ceratocystis carried by conifer infesting bark
beetles. From pathogenicity tests with € polonica and
€, larigigola (Christiansen and Solheim, 1990; Redfern
et al,, 1987; Solheim, 1993) and also with . cernles-
ceris gk 1} {Solheim, 19494, indications are that the
Crraticysiis species are considerably more vimalent than
Cphiostoma species 1o the tree hosts and of more im-
portance 1 the beetle in killing mass-attacked trees.
In contrast, the Cghissfoma specics might be relarively
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unimportant and even a hindrance o the beetles, as
proposed by Harringtow (1995), As tree pathogens,
these few Cenntocysiis species may have évolved a mu-
tualistic svmbicsis with bark beetles, where both part-
ners benefit from the relationship,

Many of the fungi studied here are believed 1o be
dispersed by insects, which has apparently led wo sub-
stantial convergence in morphological charcteristics
(Blackwell, 199%4; Hausner e al, 1993, Wingheld e
al., 1994). This convergence and limited vanation has
made species delimitation based on morphology alone
difficult. However, variation in isozyme patterns with-
in € coerudeseens and among related specics generally
corresponded well with the limited morphological
variation i the group, The technique proved usetul
in helping o delineate axa of common biology, and
this informanon will be applied 1o revise the raxonomy
of this imporant complex.
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