
Mycological Society of America

Correspondence of Isozyme Characterization with Morphology in the Asexual Genus
Leptographium and Taxonomic Implications
Author(s): Paul J. Zambino and T. C. Harrington
Source: Mycologia, Vol. 84, No. 1 (Jan. - Feb., 1992), pp. 12-25
Published by: Mycological Society of America
Stable URL: http://www.jstor.org/stable/3760398 .
Accessed: 02/03/2011 19:23

Your use of the JSTOR archive indicates your acceptance of JSTOR's Terms and Conditions of Use, available at .
http://www.jstor.org/page/info/about/policies/terms.jsp. JSTOR's Terms and Conditions of Use provides, in part, that unless
you have obtained prior permission, you may not download an entire issue of a journal or multiple copies of articles, and you
may use content in the JSTOR archive only for your personal, non-commercial use.

Please contact the publisher regarding any further use of this work. Publisher contact information may be obtained at .
http://www.jstor.org/action/showPublisher?publisherCode=mysa. .

Each copy of any part of a JSTOR transmission must contain the same copyright notice that appears on the screen or printed
page of such transmission.

JSTOR is a not-for-profit service that helps scholars, researchers, and students discover, use, and build upon a wide range of
content in a trusted digital archive. We use information technology and tools to increase productivity and facilitate new forms
of scholarship. For more information about JSTOR, please contact support@jstor.org.

Mycological Society of America is collaborating with JSTOR to digitize, preserve and extend access to
Mycologia.

http://www.jstor.org

http://www.jstor.org/action/showPublisher?publisherCode=mysa
http://www.jstor.org/stable/3760398?origin=JSTOR-pdf
http://www.jstor.org/page/info/about/policies/terms.jsp
http://www.jstor.org/action/showPublisher?publisherCode=mysa


Mycologia, 84(1), 1992, pp. 12-25. 
( 1992, by The New York Botanical Garden, Bronx, NY 10458-5126 

CORRESPONDENCE OF ISOZYME CHARACTERIZATION WITH 
MORPHOLOGY IN THE ASEXUAL GENUS LEPTOGRAPHIUM 

AND TAXONOMIC IMPLICATIONS 

PAUL J. ZAMBINO1 AND T. C. HARRINGTON2 

Department of Plant Biology, University of New Hampshire, Durham, New Hampshire 03824 

ABSTRACT 

The similarity of 88 isolates of 27 species of Leptographium was studied using enzyme electrophoresis. 
UGPMA cluster analysis of similarity matrices (Nei genetic identity, I) generated from data of 267 
electrophoretic forms (electromorphs) of 15 enzymes showed a close correspondence between electro- 
phoretic similarity and morphology. Isolates of a species had high similarity and clustered at I > 0.60, 
and in cases where different taxa clustered at I > 0.60, an examination of the morphology and history 
of the isolates suggested conspecificity. Isozyme characterization was also useful for identifying the 
extent of morphologic variation within versus between species and for comparing isolates with degen- 
erate morphology after prolonged culture. 

Key Words: Ophiostoma, Ceratocystis, Ascomycotina, taxonomy, stain fungi 

Delimitation of species in anamorph genera 
remains a difficult problem. Without a sexual 
state, mating compatibility among strains cannot 
be determined, and the extent of acceptable mor- 
phologic variation within a species is ill-defined 
for most asexual genera. A number of genetic 
and phenotypic characters have been used to aid 
morphologic studies in delimiting species. As a 
source of non-morphologic characters, enzyme 
electrophoresis has been among the most widely 
used of available techniques (3, 4, 13, 25, 26, 
30), although its application to anamorph tax- 
onomy has been somewhat limited (8, 39). Here- 
in, we examine the electrophoretic relatedness of 
species of Leptographium Lagerb. & Melin (= 
Verticicladiella Hughes), compare the morphol- 
ogy of the species, and evaluate the usefulness of 
electrophoresis in solving taxonomic problems. 

Leptographium is a form genus that includes 
anamorphs of some species of Ophiostoma H. & 
P. Sydow (18). In Leptographium, the conidio- 
phore stipe is pigmented and mononematous, 
the conidiogenous apparatus is penicilliately 
branched, and hyaline conidia are produced ho- 
loblastically by either sympodial or annellidic 
proliferation of conidiogenous cells (18). Conidia 

1 Present address: U.S.D.A.-A.R.S. Cereal Rust Lab- 
oratory, 1551 Lindig St., University of Minnesota, St. 
Paul, Minnesota 55108. 

2 Present address: Department of Plant Pathology, 
351 Bessey Hall, Iowa State University, Ames, Iowa 
50011. 

accumulate at the conidiophore apices in sticky 
droplets that facilitate dissemination by subcor- 
tical arthropods, such as bark beetles and their 
associated microfauna (18). Most species of Lep- 
tographium are lignicolous. Many species are 
agents of blue stain, and several species have 
been suggested to be at least weak root pathogens 
(1, 46). The most pathogenic species, L. wageneri 
(Kendrick) Wingfield, causes black-stain root 
disease, a unique and destructive vascular wilt 
disease of conifers in the western United States 
and British Columbia, Canada (6). 

For many species of Leptographium, morpho- 
logic descriptions are vague or poorly illustrated 
and type material inadequate or lacking (18). 
Cultures obtained from type material or other 
voucher specimens can be used to represent these 
taxa in contemporary comparisons among iso- 
lates, but comparisons based on such cultures 
are subject to error due to changes in culture 
morphology that may occur over time. The loss 
of the teleomorphic state is common in cultures 
of Ophiostoma (12, 42), and anamorphs or one 
or more synanamorphs may also be lost when 
isolates are grown in continuous culture. For ex- 
ample, studies of the species 0. clavigerum (Rob- 
ins.-Jeffr. & Davids.) Harrington (42) and 0. ar- 
aucariae (Butin) de Hoog & Scheffer (12) indicated 
that fresh isolates of each species can initially 
produce five different imperfect states with mor- 
phologic complexity ranging from synnematal 
forms, to Leptographium-like conidiophores, to 
yeast-like forms. Cultures rapidly lost the ability 
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to produce synnemata, and the yeast-like bud- 
ding form eventually predominated in some sub- 
cultures. 

MATERIALS AND METHODS 

Eighty-eight isolates representing 26 species of Lep- 
tographium were selected from the culture collection 
of the second author (TABLE I). Most of the species 
occur on conifers, principally the Pinaceae. The isolates 
represent about half of the described species of Lep- 
tographium (18), as well as unidentified and probably 
undescribed species. Where a number of isolates of a 
species was available, isolates were selected to repre- 
sent the greatest possible geographic range. 

Morphologic comparisons were made to confirm 
species identification. Isolates were grown on water 
agar continuing sterile sections of twigs of Pinus resi- 
nosa Ait. with bark removed and on malt extract agar 
(MEA; 1% malt extract and 1.5% agar). Cultures of L. 
wageneri were incubated at 18 C; cultures of other 
species were grown at room temperature. Cultures on 
twig medium were used for comparisons of conidio- 
phores, conidia, and when present, ascocarps and as- 
cospores. Cultures grown on MEA were used to com- 
pare growth rates, characteristics of the mycelia, and 
in some cases, conidiophore morphology. 

To obtain fresh mycelium for enzyme extraction, 
plugs of mycelium grown on MEA were transferred to 
30 ml of liquid medium (20 mg malt extract plus 1 mg 
yeast extract per ml) in 125 ml Erlenmyer flasks and 
incubated at 18 C or room temperature. The buffers 
and protocols by which enzymes were extracted from 
the mycelia of 14-day-old cultures were previously re- 
ported (50). 

Preparation of 12% starch gels followed the method 
of Marty et al. (23). Gels were poured into gel forms 
of the design of Cardy et al. (5). Buffers, electrical re- 
quirements, and the amount of time required for elec- 
trophoretic separation of bands in each buffer system 
are listed in TABLE II. 

Isolate NMD-2 of L. wageneri and isolate C297 of 
L. serpens (Goid.) Siem. were selected as reference iso- 
lates for each gel to test the evenness of electrophoretic 
migration and to calculate the relative mobility of each 
electrophoretic band. Samples of the two reference iso- 
lates were placed adjacent to each other at three lo- 
cations on each gel. Up to 34 sample wicks were loaded 
per gel. 

Following electrophoresis, horizontal slices of the 
starch gels were stained for enzyme activity (TABLE II). 
The distance between the electrophoretic origin and 
the electrophoretic bands was measured for each sam- 
ple. Relative mobility (Rf) values were calculated as 
the ratio of the distances travelled by bands of the 
sample vs reference isolates and were used to determine 
the number of electrophoretically distinguishable forms 
(electromorphs) of each enzyme. Rf values from all 
buffer systems that gave well-resolved bands were used 
when determining electromorphs of an enzyme. 

In earlier and preliminary studies ofL. wageneri (50) 
and other species of Leptographium and Ophiostoma 
(unpubl. data), data from two or more independent 

extractions per isolate had been compared. Since band- 
ing patterns were consistant in different extractions, 
most data in this study are from a single extraction per 
isolate. Additional extractions were made when an iso- 
late's banding pattern for an enzyme was weak on one 
or more gels. If an isolate continued to give poorly- 
resolved bands, the enzyme was not used for analysis. 

Secondary isozyme patterns were used in some en- 
zymes (e.g., IDH1, PGM1, and TPI ) for differenti- 
ating electromorphs of similar Rf values. Secondary 
isozymes or "shadow bands" may result when the elec- 
trophoretic mobility of a portion of the enzyme mol- 
ecules is affected by changes in enzyme conformation, 
by binding to substrate or cofactor molecules, or by 
deamination. As the banding patterns that result from 
secondary isozymes are often highly characteristic for 
an allele (20), electromorphs of similar Rf value were 
considered distinct if secondary bands were apparent 
in different buffers and/or if banding patterns had dif- 
ferences in spacing among secondary bands. 

Estimates were made of the putative number of ge- 
netic loci coding for each enzyme as required for cal- 
culation of genetic identity (28). Most enzymes had 
one set of bands, with or without shadow bands, and 
were considered the product of one genetic locus. If 
there were two sets of bands in different zones of mi- 
gration in the gel, and variation in one set of bands 
was independent of the variation in the second set of 
bands (as occurred in malate dehydrogenase and NADH 
diaphorase), the bands of these enzymes were consid- 
ered the products of two genetic loci. These estimates 
were checked against interpretations of genetic loci 
coding for enzymes in the related fungus Ophiostoma 
nigrocarpum (Davids.) deHoog (Zambino, unpubl.) and 
from studies of various unrelated fungi where the ge- 
netic basis of isozyme variation is known (4, 13, 24, 
34, 36). Different electromorphs were assumed to rep- 
resent the products of different alleles. 

The routines SIMDIS and CLUSTER of the program 
BIOSYS- 1 of Swofford and Selander (40, 41) were used 
to calculate similarity matrices of Nei (28) genetic iden- 
tity I (a measure of genetic relatedness) and to generate 
dendrograms reflecting similarity relationships and 
clustering of taxonomic units by the UGPMA method 
(unweighted group-pair method with arithmetic mean), 
respectively. A two step, hierarchical analysis after 
Swofford and Selander (41) was used to obtain the 
dendrograms presented in this study. In the first step, 
"electrophoretic types," i.e., groups of isolates that had 
identical electromorphs for each enzyme, were the tax- 
onomic units analyzed in the calculation of a similarity 
matrix and dendrogram. In the second step, allelic fre- 
quencies from the electrophoretic types that comprised 
species were averaged before calculation of a similarity 
matrix and dendrogram. Species were groups of mor- 
phologically similar and identifiable isolates; in one 
cluster with morphologic plasticity in the anamorph, 
the "species" was arbitrarily defined as consisting of 
electrophoretic types related at I > 0.60. In the den- 
drogram presented in this study, clustering and branch 
lengths at I > 0.60 were obtained from the first step 
of the analysis, based on electrophoretic types; those 
at I < 0.60 were from the second analysis, based on 
morphologically similar isolates (species). 
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TABLE I 

SPECIES AND ISOLATES OF LEPTOGRAPHIUM AND OPHIOSTOMA STUDIED USING ENZYME ELECTROPHORESIS 

Species Isolate numbersa Geographic origin Isolated from 

L. abietinum 

L. engelmannii 
L. lundbergii 
L. procerum 

L. pyrinum 
L. serpens 

L. terebrantis 
L. truncatum 

L. wageneri 
var. wageneri 

var. ponderosum 

var. pseudotsugae 

Leptographium sp. A 

Leptographium sp. E 

Leptographium sp. F 

C10(DAOM 37981A) 
Cll 
C18 (ATCC 58568, ORF-T) 
C42 
C54 (ATCC 58567, NMA-103) 
C172 (Gregory 1211) 
C272 
C273 
C29 (RWD 971, CO 456) 
C23 (NFRI 69-168) 
C17 (NFRI 59-84/2 as L. phyco- 

myces) 
C83 (ATCC 58570, IDD-102) 
C124 (NFRI 80-53/7 as Cerato- 

cystis polonica) 
C323 (CBS 145.41 as Phialocepha- 

la phycomyces) 
C96 (CO 463) 
C30 (CBS 141.36, from holotype) 
C56 (PREM 45442) 
C79 (ATCC 34322) 
C141 (CMW 90) 
C153 (Homer VPI-173) 
C169 (Homer VPI-251) 
C175 (Homer VPI-256) 
C297 (ATCC 42810, from V. ala- 

cris holotype) 
C304 (CMW 304) 
C305 (CMW 745) 
C306 (CMW 310) 
C307 (CMW 382) 
C63 
C8 (PREM 45699, from paratype) 
C59 (ATCC 22735 as L. lund- 

bergii 
C167 (Juzwik 8412Lr047) 

CAS-4 (ATCC 64194) 
CAS-15 (ATCC 64195) 
BCL-3 
BCL-4 
CAP-36 
ORP-1 
BCH-1 (ATCC 42953) 
CAD-55 
COD-2 (ATCC 64191) 
IDD-2 (James 80-1) 
MOD-1 (ATCC 58578) 
NMD-1 
NMD-2 (Mielke 800509) 
ORD-Q 
C19 
C39 
C32 
C41 
C46 (ATCC 58571, NMP-106) 
C6 
C21 (ORD-O) 
C33 (UI 791010 as L. abietinum) 

British Columbia 
Idaho 
Washington 
California 
New Mexico 
Scotland 
New York 
New York 
Colorado 
Norway 
Norway 

Idaho 
Norway 

unknown 

unknown 
Italy 
Rep. South Africa 
Italy 
Rep. South Africa 
Mississippi 
Virginia 
Virginia 
Rep. South Africa 

Rep. South Africa 
Spain 
Rep. South Africa 
Rep. South Africa 
Massachusetts 
New Zealand 
unknown 

Ontario 

California 
California 
British Columbia 
British Columbia 
California 
Oregon 
British Columbia 
California 
Colorado 
Idaho 
Montana 
New Mexico 
New Mexico 
Oregon 
Idaho 
Idaho 
New Mexico 
New Mexico 
New Mexico 
California 
Oregon 
Idaho 

Picea engelmanii 
Pseudotsuga menziesii 
Abies grandis 
Pinus ponderosa 
Pinus ponderosa 
Picea sitchensis 
Picea rubens 
Picea rubens 
Picea engelmannii 
Pinus sylvestris 
Pinus sylvestris 

Pseudotsuga menziesii 
Picea abies 

wood pulp 

unknown 
unknown 
Pinus pinaster 
Pinus pinea 
Pinus taeda 
Pinus taeda 
Pinus strobus 
Pinus strobus 
Pinus pinaster 

Orthomicus erosus 
Pinus pinaster 
Pinus radiata 
Hylastes angustatus 
Pinus resinosa 
Pinus strobus 
Pinus sylvestris 

Pinus resinosa 

Pinus monophylla 
Pinus monophylla 
Pinus contorta 
Pinus contorta 
Pinus ponderosa 
Pinus ponderosa 
Tsuga heterophylla 
Pseudotsuga menziesii 
Pseudotsuga menziesii 
Pseudotsuga menziesii 
Pseudotsuga menziesii 
Pseudotsuga menziesii 
Pseudotsuga menziesii 
Pseudotsuga menziesii 
Pseudotsuga menziesii 
Pseudotsuga menziesii 
Pinus ponderosa 
Pinus ponderosa 
Pinus ponderosa 
Pseudotsuga menziesii 
Pseudotsuga menziesii 
Pseudotsuga menziesii 
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TABLE I 

CONTINUED 

Species Isolate numbersa Geographic origin Isolated from 
C36 (Mielke 800514) 
C40 (ATCC 58572, COD-101) 
C47 
C22 (ATCC 58573, IDD-101) 
C154 (CMW 41) 
C155 (CO 83-74) 
C156 (CO 83-97) 
C157 (CO 83-96) 
C182 
C183 
C184 
C289 (NFRC C840 as Ophiosto- 

ma huntii) 
C173 (J. Hoffman "A") 
C174 (J. Hoffman "B") 
C15 (ATCC 58566 as L. terebran- 

tis, IDL-101) 
C135 (RWD 494 from paratype) 
C1 19 (ATCC 34942 from holo- 

type) 
C88 (ATCC 16936 from holo- 

type) 
C25 (ATCC 58565 as L. terebran- 

tis, BCL-101) 
C86 (CO 453) 
C187 [D. Owen 84EC (B)] 
C291 (NFRC C837) 
C295 (NFRC C1215) 
C95 (CO 498) 
C129 
C274 
C290(ATCC 16059) 
C12 
C113 (CO 468, RWD 776) 
C139 
C5 (NFRI 1731/3) 
C7 (NFRI 1716/2) 
C109 (CO 452) 
C158 
C160 

New Mexico 
Colorado 
California 
Idaho 
Virginia 
Colorado 
Colorado 
Colorado 
North Carolina 
North Carolina 
North Carolina 
Alberta 

Idaho 
Idaho 
Idaho 

unknown 
unknown 

British Columbia 

British Columbia 

Wyoming 
California 
Alberta 
British Columbia 
unknown 
Idaho 
New York 
Ontario 
California 
unknown 
California 
Norway 
Norway 
unknown 
New Hampshire 
New Hampshire 

Pseudotsuga menziesii 
Pseudotsuga menziesii 
Pseudotsuga menziesii 
Pseudotsuga menziesii 
Pinus strobus 
Pinus edulis 
Pinus edulis 
Pinus edulis 
Pinus strobus 
Pinus strobus 
Pinus strobus 
Pinus contorta 

Pinus edulis 
Pinus edulis 
Pinus contorta 

Picea engelmannii 
Pinus ponderosa 

Pinus contorta 

Pinus contorta 

Pinus contorta 
Pinus ponderosa 
Pinus contorta 
Pinus contorta 
Populus tremuloides 
Pseudotsuga menziesii 
Picea rubens 
Picea mariana 
Pinus ponderosa 
unknown 
Pinus ponderosa 
Picea abies 
Picea abies 
unknown 
Picea rubens 
Picea rubens 

a Isolate numbers are those used in the collection of T. C. Harrington. Abbreviations in parentheses indicate 
alternate isolate numbers found in culture collections as follows: American Type Culture Collection (ATCC); 
Centraalbureau voor Schimmelcultures, Baar, Netherlands (CBS); Plant Research Institute, Dept. ofAgriculture, 
Mycology, Ottawa, Canada (DAOM); Norwegian Forest Research Institute, As, Norway (NFRI); Northern 
Forestry Research Centre, Edmonton, Canada (NFRC); Plant Protection Research Institute, Pretoria, South 
Africa (PREM); and the collections ofR. W. Davidson (RWD), T. E. Hinds, U.S. Forest Service, Rocky Mountain 
Forest and Range Experiment Station, Fort Collins, Colorado (CO), A. D. Partridge, University of Idaho, Moscow 
(UI), and M. J. Wingfield, University of the Orange Free State, Bloemfontein, Republic of South Africa (CMW). 

RESULTS 

Fifteen putative genetic loci coding for the en- 
zymes listed in TABLE II were used for the anal- 
ysis. Isolates had also been screened for differ- 
ences in /-glucosidase (EC 3.2.1.21) and esterase 
(EC 3.1.1.1) using the fluorescent stain methods 
of Marty et al. (23), but these enzymes and the 

less anodal (slower migrating) form of NADH 
diaphorase (DIA2) were not used in the analysis 
due to one or more of the following reasons: poor 
resolution in some isolates, complex, multi- 
banded patterns, unequal number of bands, and 
changes in banding patterns when tests were rep- 
licated. 

Leptographium sp. H 
Leptographium sp. I 

Leptographium sp. J 

Leptographium sp. K 

Leptographium sp. L 

0. abiocarpum 
0. adjuncti 

0. aureum 

0. clavigerum 

0. crassivaginatum 
0. europhioides 

0. huntii 

0. penicillatum 

0. robustum 
Ophiostoma sp. M 

15 



MYCOLOGIA 

TABLE II 

ENZYMES USED IN STARCH GEL ELECTROPHORESIS OF LEPTOGRAPHIUM SPP., THE NUMBER OF ELECTROMORPHS 

DETERMINED PER ENZYME, AND BUFFERS AND STAINING PROCEDURES FAVORING RESOLUTION 

Number of 
Enzyme Enzyme electro- Stain 

(EC number)a abbreviationb morphs Buffer systems' referenced 

Aconitase 
(4.2.1.3) ACO1 20 A, D, HC7 1 

Aspartate aminotransferase 
(2.6.1.1) AAT1 15 B2, D 1 

NADH diaphorase 
(1.8.1.4) DIA1 10 A, D 1 

Fumarase 
(4.2.1.2) FUM1 12 A 1 

Glucose-6-phosphate dehydrogenase 
(1.1.1.49) G6PD1 10 B2 1 

Glucosephosphate isomerase 
(5.3.1.9) GPI1 24 B,D,E 1 

Glutamate dehydrogenase (NADP) 
(1.4.1.3) GDH1 12 B2 1 

Isocitrate dehydrogenase 
(1.1.1.42) IDH1 22 D, E 1 

Leucine aminopeptidase 
(3.4.11.1) LAP1 23 M 2 

Malate dehydrogenase MDH1 18 D, E 1 
(1.1.1.37) MDH2 20 D, E 1 

Mannitol dehydrogenase 
(1.1.1.67) MAN1 29 A, D, E, HC7 3 

Phosphoglucomutase 
(5.4.2.2) PGM1 19 A, E, HC7, M 1 

Superoxide dismutase 
(1.15.1.1) SOD1 8 A, B2, E, HC7 4 

Triose-phosphate isomerase 
(5.3.1.1) TPI1 26 A, HC7 1 

a Nomenclature Committee of the International Union of Biochemistry (29). 
b Multiple enzyme forms are designated in order of decreasing anodal migration. 
c Buffer systems, electrical requirements, and references: A: pH 8.5/8.1 discontinuous TRIS citrate/lithium 

borate system (RW) using 50 mA constant current until wave front reaches 8 cm; Marty et al. (23). B: pH 5.7 
continuous histidine citrate system using 250 V constant voltage for 4.5 h; Shields et al. (37). B2: pH 8.8/8.0 
discontinuous TRIS citrate/sodium borate system (B) using 50 mA constant current until wave front reaches 8 
cm; Conkle et al. (7). D: pH 6.1 continuous morpholine citrate system using 250 V constant voltage for 5.0 h; 
Conkle et al. (7). E: buffer D with pH adjusted to 8.1 using morpholine citrate, with same voltage and run time 
as D. HC7: pH 7.0/7.0 histidine/citrate system (HC) using 250 V constant voltage for 5.0 h; Marty et al. (23). 
M: pH 8.9 continuous TRIS borate EDTA system using 275 V constant voltage for 4.5 h; Micales et al. (25). 

d 1, Marty et al. (23); 2, Conkle et al. (7); 3, Micales et al. (25); 4, Vallejos (45). 

The number of electromorphs for the selected 

enzyme loci ranged from 8 to 29 (TABLE II). For 
the less variable enzymes, species or groups of 
several related species were often found to be 

monomorphic, i.e., to have the same electro- 

morph in all isolates (TABLE III). In contrast, each 
electromorph of the most variable enzymes was 
found in only one species, and many species were 

polymorphic at these enzyme loci. 
Cophenetic correlation (the correlation be- 

tween values of relatedness in a similarity matrix 
versus a dendrogram) was 0.951 for the dendro- 

gram from the first step in the hierarchical anal- 

ysis, in which electrophoretic types were the tax- 
onomic units for comparison, and 0.824 for the 

dendrogram from the second step of the analysis, 
in which allelic averages from species were com- 

pared. A single difference in branching patterns 
was noted between the dendrograms of the two 
steps of the analysis: the branch containing O. 
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abiocarpum (Davids.) Harrington and 0. peni- 
cillatum (Grosm.) Siem. clustered with 0. cras- 
sivaginatum (Griffin) Harrington at a genetic 
identity of I = 0.13 in the analysis using electro- 
phoretic types, but clustered at I = 0.08 with the 
branch containing L. abietinum (Peck) Wingfield 
in the analysis using species averages. Also, the 
value of I was up to 0.08 higher for some branch- 
es of the dendrogram when species were used as 
taxonomic units than when electrophoretic types 
were used. 

Electrophoretic relatedness among isolates and 
species generally corresponded to their morpho- 
logic similarity. For each morphological species, 
there were from one to nine electrophoretic types 
that clustered at values of genetic identity of I > 
0.62 (FIG. 1). Many pairs of species that had 
minor morphological differences clustered at val- 
ues of I between 0.25 and 0.60. Species with the 

greatest differences in anamorph and teleomorph 
morphology clustered only at I < 0.10. 

At the top of FIG. 1 is shown the electropho- 
retic relatedness among isolates denoted here as 
the "L. serpens cluster": L. procerum (Kendr.) 
Wingfield, L. serpens, three varieties of L. wag- 
eneri, and four groups of isolates listed as Lep- 
tographium species E, F, H, and I that have been 

recognized as distinct (18, 19) but have not been 
described as taxa. All species of this cluster are 
from roots of conifers. In our cultures, all pro- 
duced conidia that were held in slime droplets, 
masses of young conidia that were generally white, 
and conidiophores that arose individually from 

hyphae without branching of the conidiophore 
stipe, even on older conidiophores. These species 
could be considered asexual, although there have 
been unconfirmed reports of sexual states oc- 

curring in two species of this cluster, i.e., Ophios- 
toma wageneri (Goheen & Cobb) Harrington (14, 
18) and Ophiostoma serpens (Goid.) von Arx (15, 
18). 

Three groups of isolates were evident within 
L. wageneri and corresponded to the three de- 
scribed, host-specialized varieties (18). The three 

groups were related at I = 0.66 and 0.72. An 
isolate (C22) designated Leptographium sp. H, 
isolated from roots of Pseudotsuga menziesii 
(Mirb.) Franco., was closely related to L. wage- 
neri (I = 0.53). Leptographium sp. H is weakly 
pathogenic to conifers (19) but does not cause 
the symptoms of black stain root disease caused 

by L. wageneri. Although conidiophores of the 
two species were similar, the isolate of Lepto- 

graphium sp. H had a growth rate much slower 
than that of L. wageneri. 

In addition to L. wageneri and Leptographium 
sp. H, there were seven other cases where clusters 
of isolates were similar at an intermediate level 
(I between 0.25 and 0.60). In each case, isolates 
of these clusters were morphologically distin- 
guishable but similar. Leptographium sp. E [a 
fungus found in roots of Pinus ponderosa Laws. 
(19)] and Leptographium F [a fungus frequently 
isolated from roots ofPseudotsuga menziesii and 
an associate of the root-feeding bark beetle Hy- 
lastes nigrinus Mannerheim (19)] clustered with 
each other at I = 0.46 and were related to L. 

wageneri and Leptographium sp. H at I = 0.34. 
Species E and F are reported to be weak patho- 
gens (19). 

Isolates of L. procerum from the United States 
and Norway were uniform for the tested enzymes 
and clustered with the aforementioned species at 
I = 0.20. This species has a wide range of re- 
ported coniferous hosts and has been reported 
as a root pathogen of pines (1). 

Isolates of L. serpens, another reported root 

pathogen of pines (46), were of three electropho- 
retic types. One electrophoretic type consisted of 
two isolates from Italy, including isolate C79 from 
the holotype. A second type consisted of a mix- 
ture of isolates from the southern United States 
and the Republic of South Africa, including iso- 
late C297 from the holotype of Verticicladiella 
alacris Wingfield & Marasas [later synonymized 
with L. serpens by Wingfield and Marasas (47)]. 
The third type consisted of isolate C141 from 
South Africa and isolate C305 from Spain. The 
three electrophoretic types clustered at I > 0.80. 

Isolate C289, listed as Leptographium sp. J, 
was originally identified as 0. huntii (Robins.- 
Jeffr.) deHoog & Scheffer, but we found it to lack 
the serpentine hyphae typical of 0. huntii (33), 
and conidia were more rounded than those of 
the three examined isolates of the latter species. 
No ascocarps were produced in our cultures. In 

electrophoretic comparisons, this fungus was 
somewhat related to L. serpens but was distinct 
from 0. huntii. 

A second cluster, of 14 species, included seven 
species with Ophiostoma teleomorphs and seven 
species that apparently lack a sexual state, in- 

cluding the type species for the genus Lepto- 
graphium, L. lundbergii Lagerb. & Melin. This 
cluster of species, denoted here as the "L. lund- 
bergii cluster," was heterogeneous in morphol- 
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TABLE III 

ENZYME ELECTROMORPHS OF SPECIES AND ISOLATES OF LEPTOGRAPHIUM AND OPHIOSTOMA DETERMINED USING 

STARCH GEL ELECTROPHORESIS 

Enzymes Number of 
Species isolates tested ACOIa AAT1 DIA 1 FUM1 G6PD1 GPI 

L. abietinum 7 b B, E F A, D J D, E, J 
L. abietinum?(C172) 1 G E F D F J 
L. engelmannii 1 J B F D J D 
L. lundbergii 1 J J H E D V 
L. procerum 4 H I C C B I 
L. pyrinum 1 0 A H H B R 
L. serpens 12 A I F C, G B B, J 
L. terebrantis 1 S C J F A Q 
L. truncatum 3 T F C, F H D S 
L. wageneri 

var. wageneri 2 F L C F B K 
var. ponderosum 4 H M C F B K, P 
var. pseudotsugae 8 H L, M C F B K 

Leptographium sp. A 2 M C H G C X 
Leptographium sp. E 3 D D C G B B 
Leptographium sp. F 6 C, E D C, G G B H 

Leptographium sp. H 1 H O C G B K 
Leptographium sp. I 7 L F C B D C 
Leptographium sp. J 1 K F F F E M 
Leptographium sp. K 2 M F C B D A 
Leptographium sp. L 1 I E H K K T 
0. abiocarpum 1 P H E G B F 
0. adjuncti 1 B N D L G G 
O. aureum 1 M C H F D X 
0. clavigerum 5 N, O A H, I, J H B N, R 
0. crassivaginatum 1 Q G A J H W 
0. europhioides 3 I I J F D S 
O. huntii 3 K I H G D 0 
0. penicillatum 2 P G B J I L 
O. robustum 1 N A J H B N 
Ophiostoma sp. M 2 R K J I D U 

a Enzyme abbreviations from TABLE II. 
b Electromorphs are designated alphabetically with electromorph A having the greatest anodal migration. In 

MAN1, electromorphs AA, BB, and CC have less anodal migration than Z. 

ogy. Conidia produced by different species were 
held in slime droplets or as semi-dry masses that 

ranged in color from white, yellow, light tan, to 

grey. Conidiophore stipes varied from single to 

caespitose, and some species had branching sti- 
pes. Of the species that produce Ophiostoma 
teleomorphs, some form ascocarps that are os- 
tiolate and necked, whereas others produce non- 
ostiolate ascocarps. Species were isolated from 
stems or roots of Pinaceae. 

Isolates listed as Leptographium sp. I have co- 
nidiophores with morphology similar to those of 
L. serpens, but the two fungi are apparently of 
low relatedness. Harrington (18) has previously 
reported the width of the conidiogenous cells of 
Lackner and Alexander's (21) isolate C154 of 

species I to be narrower than in isolates of L. 

serpens. Additionally, in the current study, the 

highly serpentine hyphae in isolates ofL. serpens 
was seen to differ from the slightly undulating 
but curved hyphae of species I. Lackner and Al- 
exander (21) originally identified isolate C154 as 
L. serpens and noted its association with darkly 
stained roots of Pinus strobus L. Other isolates 
of Leptographium sp. I were from Pinus strobus 
and Pinus edulis Engelm. Isolates of Leptographi- 
um sp. K, which clustered with Leptographium 
sp. I at I = 0.43, were obtained from roots of 
Pinus edulis. Thus, all isolates of species I and 
K were from members of the white or "soft pine" 
group. 

Ophiostoma huntii was described as an asso- 
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TABLE III 

EXTENDED 

Enzymes 
GDH1 IDH1 LAP1 MAN1 MDH1 MDH2 PGM1 SOD1 TPI1 

D K,L,R C,F,M K,U G, O C, H I, N B I 
D V S N N K Q B A 
E L M U O H N B I 
L M O BB Q P O A L 
A C V D R F D F D 
D M H V J F O D S 
H B K C B G F,N A F,V,Y 
B P E T J P K A T 
G,H E I P,S A,M F O A G,L 

D S R G F O B,E F M 
D G R G F M E G H 
D G R G F M,O B,E F H,O 
B M G J J N O A T 
D A,B W B O F E A F 
D A,B, L,Q B,C,E F A A,C E F 

G,Q 
D G P F F O C A U 
E N D O,R,X E,S Q,T O B D 
C N K W K F K A C 
D M D L C P O C J 
F H J Q A F O A X 
I D K I J D R B B 
G T U H I R H H E 
B M H S J J P B W 
D M H,O V J F,N MO A,D P,R,S 
K W N CC H E G A K 
I G,H B Y D,J B,I,F S A N,T 
G I B M L S O A N 
I U T AA P D J B D 
D M H V J F O A P 
J J A Z J L S A Q 

ciate of Dendroctonus monticola Hopk. on bark 
and sapwood of Pinus contorta Dougl. (33). It 
produces ostiolate, necked ascocarps and hyphae 
that are highly serpentine. This fungus clustered 
with the asexual L. lundbergii and L. truncatum 
(Wingf. & Marasas) Wingf. at I = 0.27. Lepto- 
graphium lundbergii is one of the common blue 
stain fungi on stems of Picea and Pinus species 
in Europe (18, 22), whereas L. truncatum has a 
wider distribution and is associated with dying 
roots (18, 46, 48). We observed hyphae to be 
moderately serpentine in L. lundbergii but only 
undulating to curved in L. truncatum. Conidia 
of the two species are similar, but basal flanges 
distinguish the conidia ofL. truncatum from oth- 
er species (48). Although the flanges were pro- 
nounced in conidia of isolate C8 (from a paratype 
specimen), they were difficult to discern in isolate 

C59. Both isolates C59 and C23 had been re- 
ceived as L. lundbergii, but culture morphology 
of C23 more closely matched the description of 
L. lundbergii by Lagerberg et al. (22). 

Isolates C15, C25, and C63 had been chosen 
to represent variation within L. terebrantis Bar- 
ras & Perry. After the electrophoretic analysis 
showed little similarity among the isolates, fur- 
ther morphologic comparisons were made among 
21 isolates of L. terebrantis from the collection 
ofT. C. Harrington. Isolate C63 and most of the 
other isolates were typical of Barras and Perry's 
(2) description of L. terebrantis, whereas isolate 
C25 was found to have conidiophores that fit 
within the range of morphologies observed in O. 
clavigerum. Isolate C15 differed in conidiophore 
and mycelial characteristics from the description 
of L. terebrantis, 0. penicillatum, and all other 
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examined species. It was isolated from Pinus 
contorta and may be of the same taxon reported 
by Mielke (27) as L. penicillatum [see Harrington 
(18)]. Harrington and Cobb (19) reported the 
pathogenicity of C15 and C25 under the name 
L. terebrantis. Isolate C63 of L. terebrantis had 
conidia, conidiophores, and mycelia that differed 
greatly from 0. aureum, with which it clustered 
at I = 0.30. 

Isolates identified as 0. europhioides (Wright 
& Cain) H. Solheim and as Ophiostoma sp. M 
were related at I = 0.34 and produced ostiolate 
perithecia and ascospores of similar dimensions. 
Clustered, branched conidiophores typical of the 
species (49) were abundant in isolates of O. eu- 
rophioides, but the isolates of Ophiostoma sp. M 
lacked a Leptographium anamorph. Ophiostoma 
sp. M also lacked the branched ascocarp necks 
found with isolates of 0. europhioides (49). The 
isolates of Ophiostoma sp. M were also compared 
with the description of 0. piceaperdum (Rumb.) 
von Arx, a putative synonym of 0. europhioides 
(43). Ophiostoma piceaperdum reportedly pro- 
duces abundant conidiophores (43), but Rum- 
bold (35) did not specifically mention neck 
branching in 0. piceaperdum. 

A culture (C88) from the holotype of O. au- 
reum (Robins.-Jeffr. & Davids.) Harrington, a 
species associated with the stems of beetle-in- 
fested pines (32), clustered at I = 0.47 with the 
two isolates labelled as Leptographium sp. A from 
Pseudotsuga menziesii attacked by Dendroctonus 
pseudotsugae Hopk. (18). In culture, isolates of 
both fungi produced conidiophores that were 
similar in size, shape, and the arrangement of 
metulae. Masses of conidia were yellow in both 
species, but conidium size was up to twice as 
long in 0. aureum as in Leptographium sp. A. 
Although ascocarps of 0. aureum were not pro- 
duced in the current study, they reportedly (32) 
lack necks and are non-ostiolate. 

Ophiostoma clavigerum, 0. robustum (Rob- 
ins.-Jeffr. & Davids.) Harrington, and L. pyri- 
num Davids. clustered with one another at I > 

0.63, indicating close relatedness. These three 
species are found in stems of pines attacked by 

bark beetles (11, 32). Anamorph morphologies 
of the isolates were consistent with their respec- 
tive species descriptions (11, 32). Ophiostoma 
clavigerum produced clavate conidia of two siz- 
es, some extremely long and multicellular, others 
small and unicellular; Ophiostoma robustum 
produced rounded to oval conidia of several siz- 
es; and in both species many conidia had thick 
cell walls. Leptographium pyrinum produced 
pear-shaped conidia with unthickened cell walls. 
Some isolates of 0. clavigerum produced syn- 
nematal structures in addition to mononematous 
conidiophores typical of Leptographium, a sali- 
ent feature of Upadhyay and Kendrick's genus 
Graphiocladiella (43). The production of the 
larger, synnematal structures was not found in 
all isolates of 0. clavigerum, however. Only 
mononematous conidiophores were found in O. 
robustum and L. pyrinum. There was some sim- 
ilarity between 0. aureum, Leptographium sp. 
A, and 0. clavigerum in the branching patterns 
of the metulae of the conidiophores. The teleo- 
morphs of 0. aureum, 0. robustum, and 0. cla- 
vigerum have been reported to be similar if not 
identical (32). 

FIGURE 1 also shows the relatedness among 
the L. serpens cluster, the L. lundbergii cluster, 
and the remaining species used in the study. Iso- 
lates of L. abietinum (Peck) Wingf. were from 
various genera of Pinaceae and geographic ori- 
gins. Isolate C29, received from Davidson's col- 
lection as L. engelmannii Davids. and isolated 
from Picea engelmannii Parry in Colorado, was 
similar in morphology to the other isolates of L. 
abietinum and was electrophoretically identical 
to isolate C272 from Picea rubens Sarg. in New 
York. Isolate C 72, from diseased roots of Picea 
sitchensis (Bong.) Carr. in Scotland (16), had been 
previously identified as L. abietinum by Har- 
rington (18), but this isolate had several mor- 
phologic differences that distinguished it from L. 
abietinum. Conidia and conidiophores of C 172 
were similar to L. abietinum, but thin branches 
that resembled hyphae in width and pigmenta- 
tion originated near the base of the conidio- 
phores and ended with a single conidiogenous 

FIG. 1. UGPMA cluster analysis of isozyme data from 15 putative enzyme loci showing relatedness [Nei's 
(28) genetic identity I] among isolates of Leptographium and Ophiostoma. Within each group clustering to the 
right of the gray line (arbitrarily placed at I = 0.60), isolates showed limited morphologic variation and were 
considered conspecific. 
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cell. All other isolates of L. abietinum lacked 
such branches. Growth of C 172 was slower than 
isolates of L. abietinum on MEA and was mark- 

edly zonate on twig medium. This isolate was 
related to typical isolates of L. abietinum at I = 
0.31. 

Isolates representing the species 0. penicilla- 
tum and 0. abiocarpum were related at I = 0.27. 
The conidiophores and conidia of isolates C5 
and C7 were typical of the anamorph of 0. pen- 
icillatum, but isolate C 135 of 0. abiocarpum did 
not produce conidiophores in culture. Ascocarps 
were not produced by 0. penicillatum or 0. abio- 

carpum. Davidson (10) reported the lack of a 

Leptographium state to be typical in 0. abiocar- 

pum and questioned whether Leptographium-like 
conidiophores found near ascocarps of this spe- 
cies were produced by the same fungus, but Upa- 
dhyay (43) confirmed the anamorph-teleomorph 
connection. 

The species used in this study represent four 
distinct ascospore morphologies. In the L. lund- 

bergii cluster, ascospores, when present, have ge- 
latinous sheaths and appear hat-shaped in side 
view. Ascospores of O. penicillatum and 0. abio- 
carpum are allantoid (10, 38), and the gelatinous 
ascospore sheaths are variously reported as lack- 

ing (10) or of variable thickness (38). Ophiostoma 
adjuncti (Davids.) Harrington, a species associ- 
ated with the bark beetle Dendroctonus adjunctus 
Blandford attacking Pinus ponderosa, produces 
sheathed ascospores that appear rectangular or 
pillow-shaped (11). Ophiostoma crassivagina- 
tum has falcate ascospores and occurs primarily 
on hardwoods (18, 43). Relatedness was very low 

(I < 0.07, FIG. 1) among the four branches that 
represent these ascospore morphologies, with O. 
adjuncti having the least relatedness to the other 
branches. 

DISCUSSION 

Isozyme variation generally corresponded with 

morphological variation and proved useful in 

showing relationships among groups of isolates, 
infraspecific taxa, species, and species clusters of 
the genus Leptographium. With the enzymes and 
isolates examined in this study, the arbitrary val- 
ue of genetic identity of I = 0.60 appeared to 
delimit species. Clustering at greater levels of 
relatedness may indicate the need for taxa to be 

synonymized (e.g., L. abietinum and L. engel- 
mannii), although some clusters within species 

at I > 0.60 could represent subspecies or vari- 
eties. In L. wageneri, for example, the three pri- 
mary electrophoretic groups corresponded to 

host-specialized varieties having minor but con- 
sistent morphologic characteristics. Conversely, 
relatedness at less than I - 0.60 may indicate the 
need for isolates differing slightly in morphology 
to be recognized as distinct taxa (e.g., Lepto- 
graphium sp. I from L. serpens). 

To the extent that isozyme studies of different 

genera can be compared, the value of I = 0.60 
as the lower limit for relatedness of isolates with- 
in species of Leptographium is in general agree- 
ment with the minimum relatedness of approx- 
imately I = 0.50 for isolates of the ascomycete 
Cryphonectria cubenses (Bruner) Hodges (26). The 
results of the latter study also support the idea 
that in at least some fungal genera, isozyme com- 

parisons among numerous isolates and species 
can be used to determine a level of electropho- 
retic similarity that can serve as a "genetic yard- 
stick" for assessing species limits. 

Other genera differ from Leptographium in the 
amount and distribution of variation within and 
between taxa. In the genus Phytophthora, Ny- 
gaard et al. (30) reported that isolates of Phytoph- 
thora megasperma specialized to different hosts 
and isolates of three other Phytophthora species 
each form groups with distinct isozyme patterns; 
isozyme variation within groups is minimal or 

lacking, and differences among formae speciales 
are in some cases of the same magnitude as dif- 
ferences among species (30). Cruikshank and Pitt 

(8) also found little variation in isozyme patterns 
within most of the Penicillium species they ex- 
amined. In phylogenetic (parsimony) and phe- 
netic analyses of electrophoretic data in the genus 
Trichoderma, Stasz et al. (39) reported poor cor- 

respondence between species delineation and re- 
latedness. In some species, isolates composed 
more than one distinct cluster, and Stasz et al. 

(39) have suggested that the recognized species 
of Trichoderma may contain morphologically 
cryptic species. Values of genetic identity were 
not reported for these latter three studies. 

A number of specific taxonomic problems were 
addressed in our study, and our results demon- 
strate the usefulness of enzyme electrophoresis 
in delimiting species and in the study of old, 
pleomorphic cultures. Isolates of 0. clavigerum, 
0. rubustum, and L. pyrinum were closely related 
and formed a distinct cluster. In light of the in- 
herent variability in anamorph morphology not- 
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ed in 0. clavigerum (32, 42) and the lack of dif- 
ferences in teleomorph characteristics between 
0. clavigerum and 0. robustum (32), it is likely 
that the three taxa are morphologic variants of 
the same species and should probably be syn- 
onymized. However, more isolates and holotype 
material should be examined. It is noteworthy 
that the isolate from the holotype of 0. aureum 
is morphologically similar but did not cluster 
closely with 0. clavigerum. 

A suggestion by Harrington (18) that L. en- 
gelmannii and L. abietinum may be conspecific 
is supported by close clustering. Davidson's (9) 
description of L. engelmannii closely resembles 
L. abietinum, and since the diagnosis of L. en- 
gelmannii did not include a comparison with L. 
abietinum, Davidson may have been unaware of 
the resemblance between his fungus and the ear- 
lier-described L. abietinum. Isolate C29 from the 
collection of Davidson is probably more than 35 
years old and is the only known isolate of L. 
engelmannii (18), but its relationship to the type 
specimen is uncertain. 

Electophoretic results of this study support the 
decision by Wingfield and Marasas (47) to syn- 
onymize Verticicladiella alacris with L. serpens 
and demonstrate the utility of this technique in 
identifying older or otherwise atypical cultures. 
Leptographium serpens was described over 50 
years ago from an isolate in pine roots in Italy. 
The original material used to describe this spe- 
cies was lost, but isolate C30 from the type spec- 
imen is available. Morphology of this culture 
differs from recent cultures of L. serpens in hav- 
ing shorter conidia, slower growth, less serpen- 
tine hyphae, and unusual side branches along the 
main stipe of the conidiophore (18, 47). In con- 
trast to culture morphology, this study has shown 
that electrophoretic characters of this culture were 
apparently unaffected by its age. 

Taxa that were morphologically similar but 
distinguishable and that had relatedness values 
of I between 0.25 and 0.60 can be interpreted as 
distinct but closely related species, i.e., sib-spe- 
cies. Davidson (10) first recognized 0. abiocar- 
pum as distinct from its European sib-species 0. 
penicillatum by its lack or rarity of Leptographi- 
um conidiophores, and these species had relat- 
edness of I = 0.27. Isolates of Ophiostoma sp. M 
differed from those of its sib-species 0. euro- 
phioides by the lack of conidiophores and the 
unbranched ascocarp necks in Ophiostoma sp. 
M (49). Similarly, isolate C 172 was distinct from 

all other isolates of L. abietinum by its produc- 
tion of thin conidiogenous branches from the 
base of the conidiophore stipe, was related to the 
other isolates at I = 0.31, and may be a sib- 
species to the latter fungus. 

Although dendrogram branching may be con- 
sidered as increasingly subject to error as relat- 
edness nears its lower extreme, the low related- 
ness among species representing the four 
ascospore morphologies of Olchowecki and Reid 
(31), i.e., 0. adjuncti, 0. crassivaginatum, 0. 
penicillatum/O. abiocarpum, and the L. lund- 
bergii cluster, provided some justification for the 
subdivision of the genus Ophiostoma into sec- 
tions or groups along these lines. The fact that 
0. adjuncti of the Ips group (31) had lower re- 
latedness than 0. crassivaginatum to other 
Ophiostoma species also supports suggestions by 
de Hoog and Scheffer (12) and Harrington (17, 
18) that many of the species of Upadhyay's (43, 
44) genus Ceratocystiopsis can be accomodated 
in Ophiostoma. 

In conclusion, enzyme electrophoresis has been 
shown to be a valuable tool for clarifying the 
taxonomy of Leptographium species. Further, the 
results suggest the further use of this method for 
determining the extent of variation in asexual 
fungi at the infra-specific, species, and higher 
ranks. 
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