10" International Conference
on Root and Butt Rots

Proceedings of the IUFRO Working Party 7.02.01
Québec City, Canada, September 16-22, 2001

G. Laflamme, J.A. Bérubé, G. Bussiéres (éditeurs/editors)

Centre de foresterie des Laurentides - Laurentian Forestry Centre

Rapport dinformation - Information Report
LAU-X-126

l *l Ressources naturelles Natural Resources
Canada Canada
B

Service canadien Canadian Forest C d
des foréts Service ana a




Root and Butt Rots
of Forest Trees

Proceedings of the IUFRO Working Party 7.02.01
Quebec City, Canada, September 16-22, 2001

G. Laflamme, J.A. Bérubé, G. Bussiéres (éditeurs/editors)

Ressources naturelles Canada — Natural Resources Canada
Service canadien des foréts — Canadian Forest Service
Centre de foresterie des Laurentides — Laurentian Forestry Centre

Rapport d’information — Information Report
LAU-X-126




DONNEES DE CATALOGAGE AVANT
PUBLICATION (CANADA) /

NATIONAL LIBRARY OF CANADA
CATALOGUING IN PUBLICATION DATA

International Union of Forestry Research Organizations.
Working Party 7.02.01 (Root and Butt Rots of Forest
Trees) (10™: 2001: Quebec, Canada)

Root and butt rots of forest trees : proceedings of the
IUFRO Working Party 7.02.01, Québec, Canada,
September 16-22, 2001

(Information report; LAU-X-126)
Includes prefatory material in French.
Includes bibliographic references.
ISBN 0-662-33332-2

Cat. no. Fo46-18/126E

Root rots — Congresses.

Roots (Botany) — Diseases and pests — Congresses.
Trees — Diseases and pests — Congresses.

I. Laflamme, G.

II. Bérub¢, Jean, 1962-

III. Bussieres, Guy, 1953-

IV. Laurentian Forestry Centre.

V. Information report (Laurentian Forestry Centre);
LAU-X-126.

W N -

SB741.R75157 2003 634.9°63  C2003-980019-9

© Sa Majesté la Reine du Chef du Canada 2003
Numéro de catalogue Fo46-18/126E

ISBN 0-662-33332-2

ISSN 0835-1589

Il est possible d’obtenir sans frais un nombre restreint

d’exemplaires en frangais de cette publication aupres de :

Ressources naturelles Canada

Service canadien des foréts

Centre de foresterie des Laurentides

1055, rue du P.E.P.S., C.P. 3800

Sainte-Foy (Québec) G1V 4C7

Site Web du CFL : http://www.cfl.scf.rcan.gc.ca

Des copies ou des microfiches de cette publication
sont en vente chez:

Micromédia Ltée

240, rue Catherine, bureau 305

Ottawa (Ontario) K2P 2G8

Tél. : (613) 237-4250

Ligne sans frais : 1-800-567-1914

Téléc. : (613) 237-4251

Les textes apparaissent dans la version fournie par les
auteurs, avec |’autorisation de publier. Ces derniers
demeurent responsables tant de la forme que du fond de

leurs écrits.

Photos de la couverture :

(Gauche) Rond de mortalité de pins rouges caus€ par
Heterobasidion annosum (R. Blais, SCF)

(Droite) Fructifications de Heterobasidion annosum
sur une souche de pin rouge (C. Moffet, SCF)

Cover photos:

(Left) Circular patch of dead red pines killed by
Heterobasidion annosum (R. Blais, CFS)

(Right) Heterobasidion annosum fruiting bodies on
a red pine stump (C. Moffet, CFS)

© Her Majesty the Queen in Right of Canada 2003
Catalog Number Fo46-18/126E

ISBN 0-662-33332-2

ISSN 0835-1570

Limited additional copies of this publication are
available at no charge from:

Natural Resources Canada

Canadian Forest Service

Laurentian Forestry Centre

1055 du P.E.P.S., P.O. Box 3800

Sainte-Foy, Quebec G1V 4C7

LFC Web Site: http://www.cfl.cfs.nrcan.gc.ca

Copies or microfiches of this publication may
be purchased from:

Micromedia Ltd.

240 Catherine St., Suite 305

Ottawa, Ontario K2P 2G8

Tel.: (613) 237-4250

Toll Free: 1-800-567-1914

Fax: (613) 237-4251

The texts included in these proceedings are the original
versions provided by the authors with authorization to publish
and the authors remain responsible for both the form and
content of their papers.

& AU o
N 2’
& s,

@ thrs
4O

404 y

o ot




FOREWORD AND ACKNOWLEDGEMENTS

TABLE OF CONTENTS / TABLE DES MATIERES

AVANT-PROPOS ET REMERCIEMENTS .. ... e

SESSION I: PHYLOGENY AND TAXONOMY

Preliminary characterization of Armillaria isolates from tea (Camellia sinensis) in Kenya

A.P. Sierra, W. Otieno and A. Termorshuizen . ... . ... ... ..

Phylogenetic relationship among Laetiporus spp. in Japan

Y. Otaand T. Hattorn .. . . .o e e

Studies in Polyporus subg. Polyporellus: on congruence of three biological, morphological and
phylogenetic species
D. Kriiger, K.W. Hughes and R.H. Petersen ........ ... ... ... . . . . ...

Identification of Armillaria spp. in north-west Spain using molecular techniques
O. Aguin Casal, A. Pérez Sierra, M. Sabaris Roma and J.P. Mansilla Vazquez ................

Investigations on Heterobasidion in central and eastern Asia

K. Korhonen, Y.-C. Dai, J. Hantula and E. Vainio .. ... ... ... . .

Polymorphism within the 26S rDNA and intergenic spacer (IGS-1) of wild and artificial genets of
Armillaria spp. reveal putative natural hybrids and phylogenic relationships

G.I. McDonald, N.B. Klopfenstein and M.-S. Kim . ... ... ... i

Phylogenetic reconstruction of North American Armillaria species and related European taxa based on
nuclear ribosomal DNA internal transcribed spacers
M.B. Hughes, A. Well'and S.O0. ROGEIS = s xss crnsis o555 m50m b5 © 5 6 & 815 6 s 5 5060 s 56 655 8 906 5 6

SESSION II: ECOLOGY AND BIODIVERSITY

Armillaria and Annosum root diseases in a mountain pine (Pinus mugo var. uncinata) stand in the Alps
D, ROGIITID: .5 cr 5o o) or 42 4505 o e v i 5 o S st ot o ot 5 5051 o 5 ot s Sl 5. 13 0 9 s i 2 3 5 i

The influence of plant series and plant association groups on the incidence and severity of root diseases
in Southwest Oregon forests
E.M. Goheen, D.J. Goheenand K. Marshall .......... ... ... ... ... ... ... .. ... ..

Biodiversity in monocultures: the Sitka spruce stump
S WOOUWATA. wais 555 6 5« 5 5 ot 5 05 50 5051 5 1620 23 5 o 5 0 5 2wt ok = 2 e o o o 08 555813 1 % 13

Bacterial diversity in Sitka spruce stumps and their interactions with decay-causing fungi
A.C.Murray and S. Woodward . ...... ... ... i

27

35

535

i



v

Swiss-stone pine trees and spruce stumps may represent the primary habitat for Heterobasidion
annosum sensu stricto in Western Italian Alps
G. Nicolotti, P. Gonthier, M. Garbelotto, G.C. Varese and G.P. Cellerino ....................

Relationship between soil factors, root infection by Collybia fusipes and tree health in Quercus robur
and Q. rubra
C.Camy and B. MarcaiS . ... ...ttt ettt e e et e et e e e e e

Fire and Armillaria: effects on viability and dynamics in eastern Oregon, USA
G.M. Filip, S.A. Fitzgeraldand L. Yang-Erve ........ ... .. .. ..

Effects of nutrients on Armillaria root disease in greenhouse-grown lodgepole pine (Pinus contorta)
KL Mallettand. DiG: MAYIATA. = .5 555 5 5o w5t smm s 5 6 5mm 5 o 5 58 on o 520 5 1515 08 08 55 58301 8 1608 B e 6P 85

Investigations on the distribution and ecology of Armillaria species in Albania
B.M: Lushaj, M. Intiniafid B: /GUDE <+ s comanmnas s 5 s smnss s @ @masisg s s emmassssessans e

Impact of Armillaria rRNA — IGS groups on crown condition of maples in Portneuf County
P. DesRochers, M. Dusabenyagasani, J.A. Bérubé and R.C. Hamelin ......................

The effect of soil/root microfungi on Armillaria rhizomorph formation
o KWASTIAL &1 o, 6 s 5 i 055059 0 3 0 o 0510 5 50 RS WS 511 5 B . 51 o 306 0 8 s 550 T 8 580 21 i

Effects of nutrient and water stress on Armillaria disease incidence in Maritime pine
B. Lung-Escarmant, M.L. Desprez-Lousteau, D. Loustau, A. Giraud and G. Capron ..........

An experimental study of the effects of ozone on tree-Armillaria interactions
D. Rigling, P. Lawrenz, H. Blauenstein and U. Heiniger ................................

Effects of stump treatments with Phlebiopsis gigantea on mycodiversity
J. Hantula, E.J. Vainio, K. Lipponen, A.-M. Hallaksela and K. Korhonen ..................

Impact of stand and soil factors on the distribution of C. fusipes root rot in oak forests
B. Margais, C. Camy and O. Ca€l ........... ... 0.ttt

Spatial molecular analysis and monitoring of /nonotus tomentosus
R.C. Hamelin, G. Laflamme, L. Bernier, M.J. Bergeron and H. Germain . ..................

Association of /nonotus tomentosus with spruce beetle attack
B A BaKeT ...

Incidence of Tomentosus root disease relative to spruce density and slope position in south-central
Alaska
K.J. Lewis, L. Trummer, R. Shipley and S. Parsons . ..................c.cooueemennoo ...

Red-rot of Norway spruce (Picea abies) in Austria — Relations with site factors based on a survey by
the Austrian forestry inventory
C. Tomiczek, R. Buechsenmeister and Th.L. Cech



The role of soil moisture content in Armillaria root disease
K.I. Mallett, D.G. Maynard and C.L. Myrholm . ............ .. ... ... ... . .. cciuuuuion.. 130

SESSION III: CONTROL

Integrated control of Armillaria mellea by Trichoderma harzianum and fosetyl-Al
F.Razigand R.T.V. FOX .. ... e e et 133

Improving stump treatment by harvesting machine
J.E. Pratt, D.J. Brooks and M.A. Lipscombe . .......... ... ... ... i, 139

Impact of biological and chemical treatments against Heterobasidion annosum on non-target micro-
organisms
G.C. Varese, P. Gonthier and G. Nicolotti . .............oiiiniiiniiiiiiinnnann. 145

Growth of inoculated Heterobasidion annosum in roots of Picea abies — Effects of thinning and stump
treatment with Phlebiopsis gigantea

M. Pettersson and J. RODDDEIE <., - cvowisasne s nne oo snmmnnmonenassssnesssenssessss 155
Effect of stump treatment on transfer of Heterobasidion annosum root rot in Norway spruce

LIVE TOOTIISEIL v i e e ot i 5 155, 505 1 0 50 5 0 i 5 50160 1 1 80 06 1 5 8 8 5 40305130 160
Operational stump treatment against Heterobasidion annosum in European forestry — Current situation

IICTTIOE ;e st 2 1 i s 56950 50 1 5 0 0§ 12 0t 350 1 4 SIS 5 1 Ao 1. B 170
Stump treatment experiments against Heterobasidion in the Italian Alps

N. La Porta, R. Grillo, P. Ambrosiand K. Korhonen ............... .. ... ... .......... 176
Microbes inhabiting Picea wounds and their antagonism to Haematostereum sanguinolentum

M.T. Dumas and J.LA. McLaughlin ........... ... . i 181
Costs and effects of biological control of root rot in Poland

ZFIL {STETOTAN o oy eyt 55 3 o i e P ke s g 5 5 e ) B o s 1 e s i 1 s o s 554 SR R 4158 oA 1 e 3 194
Stump inoculation with Pleurotus ostreatus (Jacq.: Fr.) P. Kummer

A ZOICTAKD 5. o 5 5 5 55 5 iy et i 05 5 05 50 50 o 1% 15 o 6 5 5098 B0 218 o ST 510 0 i S (915648 06 9% AT 197
Colonisation and degradation of Sitka spruce sapwood by the Rotstop strain of Phlebiopsis gigantea

P.J. Bailey, S. Woodward and JJE. PTAIL - s s w556 5 mmres s s womes s senssnsss s nens sy 200
Simulated stump treatment experiments for monitoring the efficacy of Phlebiopsis gigantea against
Heterobasidion

B TEOTIOMEIE oy s 5 co ity 7 o0 5 1t ot w1 e o i i 1 10 o g o o 80 8151 8 B 5 63050 0B 0 35 6 38R0 206



Preliminary results using biological control against Heterobasidion annosum on Silver fir in southern
Italy
@G- Sicoli, L. Trigona, N. Luist and F, ManDeruCel .. ss -« sssisinsamssasssinmsenassass 211

Testing of Rotstop on Sitka spruce, Douglas-fir and larch
I M. Thomsen - atid J-B. JACODSEIL .. 5. i s 5 v 55 5065 50555 515 51 5150 505, o 650 3 BB 600 5181 5048 (55 50 515080 0.0 2, 216

Potential for biological control of Heterobasidion annosum in the UK using Rotstop®
J. Webber and K. TROIPE: . s« = s s s 5 5 m 51 50 15 550 61 850 51 1 6 5 05 L 8B i) 500 0611 w0 6 0o 85 05, 1t w0 o )0 221

Results of Heterobasidion annosum eradication performed in 1993-94 in two red pine plantations
G. Laflamme, R. Blais and G. BUSSIEIeS . . ... ...ttt ettt e e eeeanns 226

Biological control of Armillaria spp. with Basidiomycetes
S 7 1) 1 1 226

Variation in Phlebiopsis gigantea and monitoring the effects of release
J. Fatehi, C. Wood and J. Stenlid . ........ .. o . i 227

Intimate mixtures of susceptible species and the spread of Armillaria root disease
Bl vander Kamp ... ... e 227

SESSION IV: GENETICS AND POPULATION DYNAMICS

Vi

Molecular markers reveal genetic isolation and phylogeography in the S- and F-intersterility groups of
Heterobasidion annosum
H. Johannesson and J. Stenlid . ........ ... ... .. i 231

Studies on the ecology and genetics of hybridization in Heterobasidion
M.M. Garbelotto, W.J. Otrosina, [.H. Chapela and P. Gonthier ........................... 238

Air-borne inoculum composition, patterns of inter-group gene flow, of Heterobasidion annosum coll.
species in pure and mixed natural forests in the Alps
P. Gonthier, G. Nicolotti, M. Garbelotto, G.C. Varese and G.P. Cellerino .. ................ 245

[solation and molecular structure of a laccase gene from the root rot fungus Heterobasidion annosum
(S-type)
F.O. Asiegbu ... 253

Analyses of selected Expressed Sequence Tags (EST) from Heterobasidion annosum (P-type) — Pinus
sylvestris pathosystem
F.O. Asiegbu, J. Nahalkova, W. Choi, J. Stenlidand R.A. Dean .......................... 260

Evolution of Armillaria genets over eight years (1992-2000)
J.-J. Guillaumin and Ph. Legrand . ............. ... . i 267



Population structure and mating system of Climacocystis borealis
M_.A. Biittner, T.N. Sieber, and O. Holdenrieder ................. . ..t

The mating behavior of Stereum sanguinolentum
M. Calderoni, T.N. Sieber and O. Holdenrieder .............. ... ... .. 0. it iuiiinnnnnn.

Development of Simple Sequence Repeat (SSR) markers in Armillaria ostoyae
S.R.H. Langrell, B. Lung-Escarmant, A. Giraud and S. Decroocq ..........................

Sequence polymorphism in laccase genes of S, P & F types of Heterobasidion annosum
M.S. Abu, F.O. Asiegbu, H. Johannessonand J. Stenlid ................................

Genetic variation in Heterobasidion abietinum (H. annosum F group) population
P. Capretti, S. Tegli, P. Lakomy and L. Zamponi ................ .. .. ..o irineennn..

Application of genetic markers for biological studies of Armillaria
M.-S. Kim, N.B. Klopfenstein and G.I. McDonald ........... .. ... ... .. ... ...........

Identification of pathogenicity genes in Heterobasidion annosum using Expressed Sequence Tags
(ESTs)
M. Karlsson, A Olson and J. Stenlid . . . ... ..ottt e e e e

Population structure of Armillaria spp. and Megacollybia platyphylla in Quercus rubra stumps over a
17-year period
M.B. Hughes, P.M. Wargo, J.J. Worrall, S.0O. Rogers,and A. Weir .......................

Presence of dsRNA in Heterobasidion annosum
I. Thrmark, J. Zheng, E. Stenstrom and J. Stenlid .......... ... ... ... .. ... ... ... ... ...

Population structure of two Armillaria species coexisting in managed mountainous Norway spruce
forests
S. Prospero, D. Rigling and O. Holdenrieder ............. ... .. ... ... . i,

SESSION V: PATHOGENICITY, RESISTANCE AND ETIOLOGY

Genetic variation in susceptibility to Heterobasidion annosum infection in spore-inoculated fresh
stumps of Picea abies clones
G, Swedjemark and B. KATISBOIL ... o+ 4.0 5 55605 55 5 00 5 60508 0 65 a0 R050 16 5 9500 1 0aR 15 50 573 81 81 o v o

Pathogenicity of P-, S-, and F-intersterility groups of Heterobasidion annosum to Scots pine, Norway
spruce and common fir in inoculation experiments
A WeErner and. P. EaKOINY .« v s o viasioe cmoinie s oimivimneis s im i esenssnoesesesssssssssas

Butt rot of old growth of Chamaecyparis pisifera caused by Serpula himantioides
Y.Abe, T. Hattoriand M. Kawal . .....ccuvtniiiiininiinnienenenenernanssneenssss

vil



viii

Characterization of fungal isolates from Newtonia buchananii trees in sub-montane rain forest in

Tanzania
F.A. Mrema, F.O. Asiegbu, A. Rosling and K. Wahlstrom ..............................

The study of chitin-binding lectin from Pinus nigra seeds during the interaction of conifer seedlings
with the necrotrophs Heterobasidion annosum and Fusarium avenaceum
J. Nahalkova, F. Asiegbu, G. Daniel, J. Hrib, B. Vookova and P. Gemeiner .................

Extent of decay in Parashorea malaanonan developing from logging injuries in Sabah, Malaysia
M. Sudin, M.A. Pinard, S. Woodwardand S.S.Lee .......... ... .. ... .. iiiuiiirennnn..

Phenological change and distribution of basidiocarps of Phaeolus schweinitzii in a severely infected
larch stand
T. YAIRATUEIL o « cm o 0n 50500 0m 5 6 60505 5 5505 B, 52528 51505 16513 51515 8 17 .8 800 51808 & B850 8 L 15 00 Bhie 0 2.8

Heterobasidion root rot — A threat to the forests in Estonia
M. Hanso and S. Hanso . ... ... ..ttt e e e s

Comparative study between Norway spruce and silver fir tree health status infected by Heterobasidion
annosum using electrical resistance and chemical coloration
V. Vujanovic and D. Karadzic . ....... ...t i

Preliminary evaluation of Scots pine plantations “resistant” to Heterobasidion annosum Bref. (Fr.)
V. Lygis, R. Vasiliauskas, J. Stenlid, A. Vasiliauskas .............. ... ... ... .. .. .......

Inoculation test of Armillaria mellea on Hinoki cypress under controlled temperature and soil water
conditions
E. Hasegawa . ... ...

Virulence of Armillaria cepistipes and Armillaria ostoyae isolates on Norway spruce seedlings
S. Prospero, O. Holdenrieder and D. Rigling ........... ... .. ...,

RESROBS: Resistance of spruce to root and butt rot disease, an EU-funded research program
S. Woodward, J. Stenlid, M. Michelozzi, H. Solheim, B. Karlsson and P. Tsopelas ...........

Virulence of Heterobasidion annosum S-P hybrids is determined by mitochondria
A Olsonand J. Stenlid . ... . ... ...

Assessment of loblolly pine decline in central Alabama
N.J. Hess, W.J. Otrosina, E.A. Carter, J. Steinman, J.O. Jones, L.G. Eckhardt, A.M. Weber
and C.H. Walkinshaw . .. ... ...

Root and butt rot of Chamaecyparis obtusa caused by Perenniporia subacida
M. Tabata, T. Kato, M. Ohkubo, Y. Abe and S. Yoshinaga ..............................

A novel method of collecting and storing Heterobasidion annosum basidiospores for use in stump
inoculation trials
G. MacAskill and H. Steele



Pathogenicity of Rotstop to Sitka spruce in Britain
J.Pratt and LM. ThomSen . .. ...t 380

SESSION VI: INCIDENCE AND EPIDEMIOLOGY

Monitoring root rots in young Scots pine plantations (up to 20 years)
M. Manka and W. Szewczyk .. ... ... 383

Incidence of butt rot in consecutive rotations of Picea abies in south-western Sweden
J. Ronnberg, U. Johansson and M. Pettersson ....................iuiiiinnininnnnnn... 388

Characterization and confirmation of enzyme activity in an endochitinase protein expressed in Phellinus
weirii-infected Douglas-fir
A. Zamani, R.N. Sturrock and A.K.M. Ekramoddoullah ............. ... ... ... ....... 394

Risk of spread of Heterobasidion abietinum on Abies alba stands in the Mediterranean region
P. Capretti and A. Santini .. ....... ...ttt e 396

Infection and distribution of Heterobasidion species in stumps of Douglas-fir
C. Delatour, A. Soutrenon, J.L. Flot and G. Sylvestre-Guinot ............................ 400

Incidence of root diseases in the fir forest of Mount Parnis National Park, Greece
P. Tsopelas and A. Angelopoulos . ........ ...ttt i, 408

Root and butt rots in semi-mature, pre-commercially thinned stands of balsam fir in Newfoundland
G Wartett antl B ERBIISIL & o ¢ 5 ¢ i a5 s 55 cmises 500 m i by 2en o 6og o 50y 5 o o e o 413

Early events of infection of roots of Pinus sylvestris seedlings with Heterobasidion annosum strains of
P-, S-, and F-intersterility groups — Scanning electron microscopy
A. Werner, P. Lakomy and K. Idzikowska ............ ... ... .. . i 419

MOHIEF: Modelling of Heterobasidion in European forests, a EU-funded research program
S. Woodward, J.E. Pratt, T. Pukkala, K.A. Spanos, G. Nicolotti, C. Tomiczek, J. Stenlid, B.
Mareais and P. BalCOMY' < c s 5 5 s ammons oscmms sns s @mes hs & 6@ mmeia s s b e on s o a6 m s & 50 s 423

Infectious cycle of Armillaria ostoyae on maritime pine stands of different ages
B. Lung-Escarmant, F. Maugard, A. Giraud, M.A. Escrivant, F. Molinier, F. Merilleau, G.
WIHAR, ¢ oo om0 5005 51 108 L 16 1 B 0 6t 5 1 4 s 07 4 0 6 et e g 428

Early development of Heterobasidion root rot in young Norway spruce stands
T.Piriand K. Korhonen . ... ... ... . 432

Preliminary study on the survival and spread of Armillaria mellea in mulches in gardens
A PETCTISTCIIR w1t in o515 10 17 0o 5 o115 Bt s 54 5 zont 13 ot 51 5 508t o 5 P61 ) 5 e 5 S 05 5 2 6 o 1 0 436

Schade Lake root disease survey
K IOWESS s 5 e« 5o o e 5 o oo im0 o 05 2 B0 5 0 58 80 5 51 5 65950 5 o 6 6 0 638 50 & 509 i) s 9 439



Growth reduction of Douglas-fir due to non-lethal infection by Armillaria ostoyae
MG CrUACKSIANIE o cix < i iein e 50 a5 1o pinrents oo s iesn e (i 7 s i 8 g 2 2 1 s il s e e 441

Leptographium species and their vectors as components of loblolly pine decline
L. Eckhardt, J. Jones, N. Hess, E. Carterand J. Stienman  .....................ccocuuu.... 442

Characterisation of phenylalanine ammonia lyase production following challenge of Sitka spruce with
Heterobasidion annosum

M=T. Hsir atid S; WOOAWALA. 5 5.5 5 5 5 ¢ 5 mawns s umimma s s s mmses s 5 6 6@ s s 6 8505 58 5 s & 2w 442
Distribution of the Heterobasidion annosum intersterility groups in Poland
P.Lakomy and A. WETNET . . ... ...ttt ettt ettt ettt ee e e e e 443
APPENDIX I
LAStOFPATHCIDATIES: 5 55w 515 5 615 5 55 50 5 55 i ot 13855 0 1 655 1 4 1 ) 0 R o RL08 05 5510 5 6 0 445



FOREWORD

IUFRO Working Party 7.02.01 usually convenes every four years. The 10th International Conference on
Root and Butt Rot was held in Quebec City, Canada, from September 16-21, 2001. The event attracted 67
participants from 13 countries, although 29 members were unable to attend due to the tragic events of September
11, 2001. Gaston Laflamme, the conference organizer, and Ariane Plourde, Research Director at the Laurentian
Forestry Centre, Canadian Forest Service, welcomed the delegates. Working Party co-ordinator Claude Delatour
chaired the business portion of the meeting, in which it was decided that Europe, possibly Poland, would be the
site of the next meeting.

After the scientific communication sessions, participants travelled to the Montreal and Ottawa regions for
field trips. The delegates visited forests infested by Inonotus tomentosus, Heterobasidion annosum and Armillara

sp.

The proceedings contain the texts or abstracts of papers submitted to the organizing committee and of the
55 scientific posters presented at the meeting. They also include texts by those who were registered for the
conference but who could not attend. Authors are responsible for content. Texts are presented under the following

six headings: “Phylogeny and Taxonomy”, “Ecology and Biodiversity”, “Control”, “Genetics and Population
Dynamics”, “Pathogenicity, Resistance and Etiology” and “Incidence and Epidemiology”.

Gaston Laflamme, Conference organizer
Co-ordinator, [UFRO WP 7.02.01

Jean Bérubé and Guy Bussieres, Conference co-organizers

Conference Website: www.cfl.scf.rncan.ge.ca/iufro-rbr2001
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AVANT-PROPOS

Le groupe de travail 7.02.01 de 'TUFRO se réunit habituellement a tous les quatre ans. C’est dans la ville
de Québec, Canada que s’est tenu la 10° Conférence sur la pourridiés des arbres forestiers, du 16 au 21 septembre
2001. L’événement a regroupé 67 participants provenant de 13 pays, bien que la tragédie du 11 septembre 2001
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SUMMARY

The taxonomy of Armillaria in several African countries remains unresolved, but 4. heimii and A. mellea
are the two main species described in Kenya. A survey covering the main tea growing districts in Kenya was
carried out in 1997 for the presence of Armillaria spp. and 47 isolates were collected from infected tea plants.
Cultural morphology, somatic incompatibility reactions, PCR-RFLPs of ITS and IGS and DNA sequencing of the
IGS were performed for the characterization of the collected isolates. For comparison purposes, Kenyan isolates
of A. mellea (K5 and K8) and Kenyan isolates K10 and K12 (belonging to a yet unnamed biological species) were
selected as reference isolates. The isolates were separated into two groups by morphology and somatic
incompatibility. The restriction pattern of the ITS using A/u I, Hinf'1, and Nde II and the restriction pattern of the
IGS using A/u I confirmed the morphological grouping. Group I may represent A. heimii and group IT could be a
new species. The latter was supported by the sequencing of the IGS. Comparison of the sequences with those
published in the Genbank database showed that they were different from A. mellea and identical to K10 and K12.
No 4. mellea was found during the survey.

Keywords: Armillaria, 1GS, ITS, phylogeny, Kenya

INTRODUCTION

Tea (Camellia sinensis) is a crop of great significance in Kenya and Armillaria is a primary pathogen
causing root rot. It is one of the most important diseases of tea and the losses in small tea farms can be as high as
50% (Onsando et al. 1997). The losses in larger farms are lower due to disease control programs. There are two
Armillaria species recorded in this country, A. mellea (Vahl) Kummer and A4. heimii Pegler. Ota et al. (2000)
confirmed by isozyme and RAPD analysis that isolates of A. mellea in Africa were identical to isolates of 4.
mellea from Japan, they derived from the same origin and migration may have occurred from Asian countries to
Africa.

The identification of African Armillaria species is often limited by the absence or scarcity of basidiomata
in tropical regions (Gibson 1960). The lack of basidiomata and haploid testers has led to the identification of the
Armillaria species based on vegetative mycelia, and in the field the disease is mainly confirmed by the white
mycelium found underneath the bark of infected roots.

Different methods have been used for the identification of Armillaria in Africa based on somatic
incompatibility (Abomo-Ndongo and Guillaumin 1997), isozyme electrophoresis (Agustian et al. 1994; Mwangi et
al. 1989; Mwenje and Ride 1996, 1997), molecular markers such as DNA restriction fragment polymorphisms
(Anderson et al. 1987; Chillalli et al. 1997; Smith and Anderson 1989) and DNA sequence analysis (Anderson
and Stasovski 1992). Mohammed (1994) used RAPD markers to distinguish African isolates with diverse origins.
RFLP and nucleotide sequence data of the intergenic spacer region of the ribosomal DNA operon were recently
used to distinguish between Southern Africa isolates of Armillaria (Coetzee et al. 1997, 2000). The authors
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showed that both nuclear and organelle DNA-based molecular markers provide an alternative to mating tests and
basidiomata morphology that can aid systematics of Armillaria in Africa.

Identification of Armillaria species in some African countries remains unresolved and this was
highlighted by Coetzee et al. (2000) who studied Armillaria in pine plantations in South Africa where 4. mellea
and A. heimii were also described. They concluded in their research that isolates identified as 4. heimii were in
fact Armillaria sp. or A. fuscipes (Petch 1909).

The objective of this study was to characterize the Armillaria species affecting tea in Kenya using
different methods based on morphology, somatic incompatibility, PCR-RFLPs of the ITS and IGS region and
sequence of the IGS region.

MATERIALS AND METHODS
Isolates

In 1997, 14 districts were surveyed in the main tea growing areas in Kenya. Forty-seven isolates of
Armillaria were collected mainly from infected roots of tea (Camellia sinensis), but also Dombeya sp., Dioscorea
sp., Coffea arabica, Musa acuminata and Eucalyptus sp. African isolates of A. mellea (K5, K8 and ST1) and
isolates K10 and K12 from Kenya were donated by Dr J.-J. Guillaumin (INRA Clermont-Ferrand, France) for
comparison purposes.

Basidiomata and cultural morphology

Morphological features of basidiomata were recorded when these were present. Production of
basidiomata was attempted in vitro in 1 litre flasks. The medium consisted of 50 g of milled beech wood sawdust,
20 g of whole blended orange, 60 g of whole grain rice, 10 g of peptone and 5 g of agar (Tirro 1991). The mixture
was topped up with 400 ml of water and autoclaved for 1 hour at 121°C. The flasks were inoculated and incubated
at 25°C for 4 weeks in the dark. After this period the temperature was adjusted at 20°C with a 12 hour
photoperiod.

The isolates were cultured on 2% MEA and 3% MEA with added peptone (0.06%). The plates were
incubated in the dark at 22°C over four weeks and cultural morphology was described.

Somatic incompatibility

[solates were paired as 3 mm plugs on 2% MEA overlaid with cellophane using the method described by
Hopkin et al. (1989). The plates were incubated in the dark for three weeks at 20°C. After this time, a 2 x 2 cm
square of cellophane was cut out containing the paired isolates and immersed in freshly prepared L-Dopa solution
(0.05%). These were incubated at 37°C for 1 hour before being examined for the presence of the black line
between the thalli (Mallet et al. 1986).

DNA extraction

The isolates were grown in liquid culture (1% malt extract, 0.5% yeast extract and 1% glucose) and
incubated in the dark for three weeks at 20°C. The flasks were not shaken during this time. The mycelium was
harvested, rinsed with distilled water, frozen in liquid nitrogen and stored at -80 °C. The DNA was extracted from
the frozen mycelium using a Dneasy™ Plant Mini Kit (Quiagen).
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PCR-RFLPs

The internal transcribed spacer (ITS) was amplified by PCR with the universal primers ITS1 and ITS4
(White et al. 1990). The intergenic spacer (IGS) region between the 26S and 5S was amplified with two different
sets of primers. The first set included LR12R, 5 CTG AAC GCC TCT AAG TCA GAA 3’ (Veldman et al. 1981)
and O-1, 5> AGT CCT ATG GCC GTG GAT 3’ (Duchesne and Anderson 1990) recommended by Anderson and
Stasovski (1992). The second set of primers included: P-1, 5° TTG CAG ACG ACT TGA ATG G 3’ and 5S-2B, 5’
CAC CGC ATC CCG TCT GAT CTG CG 3’ recommended by Coetzee et al. (1997). Ready-To-Go PCR beads
(Amersham Pharmacia Biotech) were used for the PCR amplification. Individual reactions were brought to a final
volume of 25 pl. Each reaction contained 1.5 units of Tag DNA polymerase, 10 mM Tris-HCI, 50 mM KCl,
stabilizers including BSA, 1.5 mM MgCl,, 200 uM of each ANTP, 0.1 uM of each primer and purified water (Sigma
Chemical Co.). The PCR amplification program to amplify the ITS was as described by Chillali et al. (1997). The
PCR program to amplify the IGS region consisted of 1 cycle of 95°C for 95 sec, followed by 35 cycles of 60°C for 60
sec, 72°C for 120 sec and 95°C for 60 sec and a final extension at 72°C for 10 min. The amplifications were
performed on a Progene (Techne, UK) thermocycler. The ITS and IGS amplified products were purified with a
QIAquick ™ Purification Kit (Quiagen). The ITS was digested separately with 5 units of the restriction enzyme
Hinf1, Alu I and Nde II and the IGS was digested with 5 units of A/u I. The restriction patterns were visualized in
3% agarose gels stained with ethidium bromide.

Sequencing of the IGS was carried out by MWG Biotech. Lasergene (DNASTAR 2000) software for
Macintosh was used for editing and aligning the sequence files. Additional sequences from the GenBank
databases available through the National Center for Biotechnology Information (NCBI, Bethesda, MD) were
obtained. The alignments were made with Megalin and the indels coded using MacClade (Maddison and
Maddison 1992). Phylogenetic analyses were performed using PAUP version 4.0b (Swofford 1998)

RESULTS
Basidiomata and cultural morphology

Basidiomata were only present in one location (Kericho) at >2180 m altitude during the rainy season.
They appeared in clusters fused at the base. The pilei were 8.5-16.5 mm in diameter, convex, applanate to
umbonate, with a non-striate margin, light ochraceous but dark-brown at the disk centre. The stipe was creamy-
white in colour, 45-50 x 3-6 mm with a whitish, fugacious annulus attached to the upper quarter of the stipe.
Basidia were 30-35 x 6-7 pm, elongate clavate with four sterigmata. Lamellae were white in colour. The
basidiospores were sub-globose to ovoid, 4.5-7.5 x 4-6.5 pm. Clamp connections were absent. Only very
immature basidiomata were obtained in the in vitro attempts.

The isolates were separated into two groups based on morphology in culture. Group I consisted of isolates
whose colonies were mainly rhizomorphic and only mycelium was observed at the centres. Group II consisted of
isolates which had raised mycelial colonies with submerged rhizomorphs.

Somatic incompatibility

A reaction was considered incompatible when a pigmented line was observed at the interfaces and
compatible when the colonies merged. Two different groups were found which corresponded with the two
morphological groups. Isolates from group I were compatible among themselves and incompatible with group II.
Isolates from group II were incompatible both with isolates from group I and with each other. Isolates from group
11 when paired against each other showed a clear and distinct pigmented line consisting of melanized hyphae.
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PCR-RFLPs

The ITS region of isolates from group I by cultural morphology was amplified and a PCR product of
about 700 bp was obtained. A PCR product of about 900 bp was amplified for isolates in group II. The IGS region
of isolates in group I was amplified with the primers P-1 and 5S-2B and gave a PCR product of over 1000 bp. The
IGS region of isolates in group I was amplified with the primers LR12R and O-1 and gave a PCR product of
about 800 bp. A similar band was obtained for the isolates of A. mellea KS, K8 and ST1 and isolates K10 and
K12. The digestion of the ITS of group I with the restriction enzyme Hinf'1 gave for group I a pattern of about
220, 190, 170 and 72 bp and for group II a pattern of about 360, 230, 150, 100 bp (Figure 1a).

Fi.gure 1 (a, b). Digestion of ITS region with Hinf1 (fig 1a) and with Nde II (fig 1b) on 3% agarose gel stained
with ethidium bromide. Lanes 2-6: isolates from group II. Lanes 7-17: isolates from group I. A 100bp ladder was
used as a size marker in lane 1 and lane 18.
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The digestion of the ITS with restriction enzyme A/u I gave for group I a pattern of about 480, 160, 85 bp
and for group II a pattern of about 510, 225, 95 bp. The digestion of the ITS with restriction enzyme Nde II for
group I gave a pattern of about 390, 250 bp and for group II a pattern of about 590, 270 bp (Figure 1b).

The digestion of the IGS with the restriction enzyme Alu I gave three different patterns, for group I a
pattern of about 380, 245, 135 bp was obtained, for group II a pattern of 310, 220, 135 bp was obtained and for 4.
mellea a pattern of about 310, 170, bp was obtained. Isolates K10 and K12 had similar restriction patterns that

group II (Figure 2).

Figure 2. Digestion of IGS region with A/u 1. on 3% agarose gel stained with ethidium bromide. Lanes 2-4:
isolates K5, K8 and ST1. Lanes 5-9: isolates from group II. Lanes 10-11: isolates K10 and K12. Lanes 12-16:
isolates from group I. A 100 bp ladder was used as a size marker in lane 1 and lane 17.

The phylogenetic studies of the IGS region were performed only for group II. The results showed that all
the isolates from group II and isolates K10 and K12 formed one clade (100% Jackknife support) that was
separated from the group of 4. mellea also supported by a 100% Jackknife value. The isolate K5 (4. mellea from
Kenya) was grouped with isolates of A. mellea from Japan and South Korea supporting Ota et al. (2000) theory.
The clade support for these clusters had 100% Jackknife value.

DISCUSSION

Cultural morphology and somatic incompatibility separated the 47 isolates into two groups. Group I with
rhizomorphic colonies and group II with mycelial colonies and submerged rhizomorphs. Molecular data based on
the ITS and IGS regions separated the isolates into the same two groups.

Basidiomata were only found once and they corresponded to group I. The description of the basidiomata
conforms to that of A. heimii (Heim 1963; Pegler 1977) except for the stipe size which was slightly larger
compared to the original description (2.5-4.5 x 2-3 mm). The cultural morphology of the isolates in this group
also resembles A. heimii (Mwangi, pers. comm.). The amplification of the ITS region by PCR gave a product of
about 700 bp that was similar to the size described by Chillali et al. (1997) for A. heimii and the restriction pattern
with the enzyme Nde Il was similar, but the restriction patterns with the enzymes Alu I and Hinf 1 were
completely different from the ones obtained for 4. heimii. The IGS region of group I was amplified and a band of
over 1000 bp was obtained. This PCR product was different in size from A. heimii from other African countries.
The digestion with the restriction enzyme A/u I gave a different pattern to the A. heimii but was similar to the one
obtained by Coetzee et al. (2000) and identified as Armillaria sp. or 4. fuscipes. Even though the morphological
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data point to 4. heimii, molecular data suggested that there are sub-groups within 4. heimii or they are a complex
of several species.

No basidiomata were found in nature for group II. This group was different from group I and different
from A. mellea. This was supported by the PCR-RFLP results obtained for the ITS and IGS regions. Isolates from
this group were identical to isolates K10 and K12 previously described as potential new Armillaria species
(Chillali et al. 1997). The phylogenetic analysis showed that the IGS region between the 26S and 5S of the
isolates from group II was identical to the IGS region of isolates K10 and K12 and different from A. mellea and
other Armillaria species. The IGS sequence of group II was different from any other Armillaria sequence
published in GenBank. The data suggest that group II could be a new species but basidiomata are essential for the
complete description and naming of the species. So far only very immature basidiomata have been produced in
the in vitro attempts.

Somatic incompatibility is one of the methods that has been used for the identification of genotypes and
the incompatible reaction is characterized by the presence of a black line along the demarcation zone. The isolates
from group II showed this reaction when paired against each other. The black line is usually absent in pairings
between two genotypes of the same species (Guillaumin et al. 1991). This phenomenon has been reported for
African Armillaria by Abomo-Ndongo (1997). A similar phenomenon has been observed for Ganoderma in oil
palms where most isolates, even when taken from the same plant, were somatically incompatible with one another
(Miller et al. 1999). Care should therefore be taken in interpreting somatic compatibility tests aimed at delimiting
species in Armillaria.

It can be concluded from this study that two different Armillaria species were found affecting tea
plantations. One is suspected to be 4. heimii and the other a possibly new Armillaria species. It was surprising
that no isolates conforming to 4. mellea were found and this may be an indication that its importance in Africa
has been overestimated. More research is needed to resolve the taxonomy of Armillaria species in Kenya.
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PHYLOGENETIC RELATIONSHIP AMONG LAETIPORUS SPP. IN JAPAN

Y. Ota and T. Hattori

Forestry and Forest Products Research Institute, Ibaraki, 305-8687, Japan

SUMMARY

Two species and one variety of Laetiporus have been hitherto reported from Japan. Laetiporus
sulphureus var. sulphureus auct Japan has a lemon yellow pore layer and yellow pileus surface, though it is
distinct from the European form by its non-imbricated pilei and its southern distribution. Laetiporus sulphureus
var. miniatus auct Japan has a white or a lemon yellow pore layer, pinkish orange pileus surface, and imbricated
pilei. Laetiporus versisporus has semi-globose basidiocarps with abundant chlamydospores in the context when
matured and usually does not produce hymenophores.

In order to define the intra-generic taxa of Japanese and European Laetiporus spp., 38 Japanese isolates
of Laetiporus spp. and five European isolates of L. sulphureus were analyzed for variation in the internal
transcribed spacer (ITS) region of the nuclear ribosomal DNA. Phylogenic analysis of the ITS region sequences
resulted in five groups: Group A) the Japanese isolates of L. sulphureus var. miniatus associated with hardwoods,
which has a white pore layer, Group B) the European L. sulphureus isolates, Group C) the Japanese isolates of L.
sulphureus var. miniatus associated with conifers, which has a lemon yellow pore layer, and Groups D) and E) the
Japanese isolates of both L. sulphureus var. sulphureus and L. versisporus. These results suggest that 1) all the
Japanese Laetiporus spp. are distinct from European L. sulphureus, 2) Japanese L. sulphureus var. miniatus in
association with different host types (hardwoods vs. conifers) belong to distinct taxa, and 3) Japanese L.
sulphureus var. sulphureus and L. versisporus belong to the same species with different morphology.

Keywords: Internal transcribed spacer

INTRODUCTION

Laetiporus spp. occur worldwide from boreal to tropical zones and cause red-brown cubical heart-rot in
the wood of many deciduous and coniferous trees. Recently, Laetiporus sulphureus (Fr.) Murr. sensu lato in
North America has been shown to be a complex of at least four taxa based on incompatibility tests, restriction
fragment length polymorphisms in the ITS region of the nuclear ribosomal DNA, macro morphological
characteristics, geographical distribution, and host range (Banik and Burdsall 1999, 2000; Banik et al. 1998). In
Europe, phylogenetic analyses based on sequences of ITS region of the nuclear ribosomal DNA indicate that L.
sulphureus may be separated into at least two taxa in association with diferent host types (Rogers et al. 1999).

In Japan, two species and one variety of Laetiporus spp. have been hitherto reported. Laetiporus
sulphureus var. sulphureus auct Japan has a lemon yellow pore layer and yellow pileus surface, though it is
distinct from the European form by its non-imbricated pilei and its southern distribution. Laetiporus sulphureus
var. miniatus auct Japan has a white or a lemon yellow pore layer, pinkish orange pileus surface, and imbricated
pilei. This fungus is mainly distributed in cool temperate to boreal areas of Japan. Laetiporus versisporus has
semi-globose basidiocarps with abundant chlamydospores in the context when matured and usually does not
produce hymenophores. Its basidiocarps are at first lemon yellow then turn white to brown.

The objective of this study was to define the intra-generic taxa of Laetiporus spp. from Japan and Europe
and based on sequence of ITS regions of the nuclear ribosomal DNA.
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MATERIALS AND METHODS

Thirty-eight isolates of Laetiporus spp. collected throughout Japan, five isolates of European L. sulpureus,
and two isolates of L. porutentosus were used in this study (Table 1).

Table 1. Laetiporus isolates used in this study.

Isolate Species Host Origin Source

no.

10 L. sulphureus var. sulphureus Kouchi, Japan

16 L. sulphureus var. sulphureus Yamaguchi, Japan

20 L. sulphureus var. sulphureus Ehime, Japan

95 L. sulphureus var. sulphureus | Quercus sp. Kumamoto, Japan
107 L. sulphureus var. sulphureus | Hardwood Miyazaki, Japan
108 | L. sulphureus var. sulphureus Miyazaki, Japan
111 L. sulphureus var. sulphureus | Hardwood Miyazaki, Japan
118 L. sulphureus var. sulphureus | Castanopsis cuspidata Kyoto, Japan

3 L. versisporus Castanopsis cuspidata var. Sieboldii | Tokyo, Japan

4 L. versisporus Castanopsis cuspidata var. Sieboldii | Chiba, Japan

13 L. versisporus Kagoshima, Japan

19 L. versisporus Mt. Baishanzu, China

65 L. versisporus Nata, Japan

67 L. versisporus Osaka, Japan

70 L. versisporus Castanopsis cuspidata Kyoto, Japan

72 L. versisporus Castanopsis cuspidata Kyoto, Japan
109 L. versisporus Hardwood Miyazaki, Japan

24 L. sulphureus var. miniatus Hokkaido, Japan

26 L. sulphureus var. miniatus Yamanashi, Japan

34 L. sulphureus var. miniatus Prunus Mume Hokkaido, Japan T. Yamaguchi
36 L. sulphureus var. miniatus Prunus Sargentii Hokkaido, Japan T. Yamaguchi
38 L. sulphureus var. miniatus Quercus mongolica Hokkaido, Japan T. Yamaguchi
40 L. sulphureus var. miniatus Prunus salicina Hokkaido, Japan T. Yamaguchi
84 L. sulphureus var. miniatus Quercus mongolica Shizuoka, Japan

94 L. sulphureus var. miniatus Quercus sp. Miyazaki, Japan

99 L. sulphureus var. miniatus Ehime, Japan

104 | L. sulphureus var. miniatus Kumamoto, Japan

8 L. sulphureus var. miniatus Abies firma Chiba, Japan

15 L. sulphureus var. miniatus Yamanashi, Japan

27 L. sulphureus var. miniatus Yamanashi, Japan

28 L. sulphureus var. miniatus Aomori, Japan

31 L. sulphureus var. miniatus Picea Glehnii Hokkaido, Japan T. Yamaguchi
33 L. sulphureus var. miniatus Picea Glehnii Hokkaido, Japan T. Yamaguchi
35 L. sulphureus var. miniatus Picea Glehnii Hokkaido, Japan T. Yamaguchi
41 L. sulphureus var. miniatus Abies sachalinensisi Hokkaido, Japan T. Yamaguchi
73 L. sulphureus var. miniatus Abies sp. Yamanashi, Japan

87 L. sulphureus var. miniatus Yamanashi, Japan

4t L. sulphureus Taxus baccata Belgium C. Decock

45 L. sulphureus Prunus sp. Belgium C. Decock

47 L. sulphureus Malus sylvestris Belgium C. Decock

48 L. sulphureus Hardwood Germany C. Decock

50 L. sulphureus Salix sp. Belgium C. Decock

52 L. portentosus Nothofagus pumilio Argentina M. Rajchenberg
56 L. portentosus Eucaryptus macrororrhyncha Argentina M. Rajchenberg
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DNA was extracted using a CTAB (cetyltrimetylammorium bromide) procedure. The ITS regions of
nuclear IDNA were amplified with PCR using primer ITS4 and ITSS (White et al. 1990). PCR amplification was
performed using Perkin-Elmer GeneAmp PCR Reagent Kit with Tag DNA Polymerase (TaKaRa, Japan). The
thermal program was an initial denaturing at 92°C for 5 min, followed by 40 cycles at 55°C for 1 min (annealing),
72°C for 2 min (elongation) and 92°C for 1 min (denaturing). A final elongation was allowed for 5 min at 72°C.
Sequences were determined in both directions with the same primers using a Perkin Elmer Applied Biosystems
(Foster City, CA, U.S.A.) PRISM Ready Reaction DyeDeoxy Termitator Cycle Squencing kit and a Perkin Elmer
Applied Biosystems Automated DNA Sequencer 310.

Sequences were aligned using Clustal X (Jeanmougin et al. 1998) and adjusted manually. Phylogenetic
analysis of the aligned sequences was performed using both distance and parsimony methods. For distance
analysis, the neighbor-joining method generated from HKY8S5 distances using PAUP 4.0b (Swofford 2001) was
performed. The strength of the internal branches of the resulting trees was statistically tested by bootstrap analysis
(Felsenstein 1985) from 1000 bootstrap replications. For parsimony analysis, the maximum-parsimony analysis
was performed using PAUP 4.0b. 100 replicate heuristic searches were performed, each with a random taxon
addion sequence, and TBR blanch swapping. These trees were rooted with the sequence of ITS of L. portentosus
as out-group.

RESULTS

The ITS1, ITS2 and 5.8S gene were completely sequenced in both directions. There was sequence variation in
the ITS sequences of Laetiporus isolates. By contrast, there was little variation in the sequences of the 5.8S gene.
The nucleotide sequence data set obtained from the isolates in Table 1 gave a 591-nucleotide aligned sequence,
including some indels due to the variable nucleotide sequence of the ITS region. After excluding the indels, 513
aligned sites remained, of which 152 sites were variable. Fig. 1 shows a neighbor-joining tree. Laetiporus isolates
used in this study were divided into five distinct groups; Group A) the Japanese isolates of L. sulphureus var.
miniatus associated with hardwoods, which has a white pore layer, Group B) the European L. sulphureus isolates,
Group C) the Japanese isolates of L. sulphureus var. miniatus associated with conifers, which has a lemon yellow
pore layer, and Groups D) and E) the Japanese isolates of both L. sulphureus var. sulphureus and L. versisporus.
Groups A, B, D and E were strongly supported by the bootstrap analysis (almost 100%), the bootstrap value of the
group C was 78%. A similar tree topology was obtained by the maximum-parsimony method using PAUP4.0b
(data not shown).

11

Phylogeny and Taxonomy



Group A
White pored form of
L. sulphureus var. miniatus"

Group B
European L. sulphureus
: Group C
o Yellow pored form of
sl 7 §§ "L, sulphureus var. miniatus"
11
108
W Group D
+
NN zg Japanese "L. sulphureus var.sulphureus"
N~ % 99 .
l;ggv and L. versisporus
4
k Group E
47 gg Japanese "L. sulphureus var. sulphureus”
A and L. versisporus
4 he

t 5 L. portentosus
w01 substitutions/site

Fig. 1. Neighbor-joining tree on distances derived from sequences of the ITS1, ITS2 and 5.8S rRNA gene of
Laetiporus spp. Distances were determined by HKY85 methods. Bootstrap values based on 1000 replications are
placed by the nodes.

DISCUSSION

Phylograms for the ITS region separated Laetiporus isolates into five distinct groups. European form of
L. sulphureus (Group B) was separated from all other Japanese Laetiporus spp. Therefore, Japanese Laetiporus
spp. are distinguished from European L. sulphureus.

Laetiporus sulphureus var. miniatus auct Japan was phylogenetically divided into two groups (A and C)
in this study. Distinctive differences in morphological and ecological characteristics occurred between groups A
and C. Group A consists of those with white pores occurring on living and dead trunks or logs and stumps of
hardwoods. Group C includes the yellow pored form, which is mainly distributed in cool temperate to boreal areas
in association with conifers. This group was considered to be identical with one of North American Laeriporus
group (LIG III), which occur on conifers, fruiting on stumps and living and dead trunks and with a yellow pore
layer (Banik and Burdsall 2000).

Groups D and E include both L. sulphureus var. sulphureus auct Japan, and L. versisporus. Laetiporus
versisporus is different from normal Laetiporus spp. by their abundant chlamydospores in the context when
matured, and lack of hymenophores. However, the intermediate form of L. versisporus and L. sulphureus var.
sulphureus auct. Japan has been collected from mainly southern part of Japan. Laetiporus versisporus is
considered to be the ptychogasteric stage of L. sulphureus var. sulphureus auct Japan. There appears to be
significant geographical differentiation between Groups D and E. The isolates belonging to Group E were
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collected from central part of Japan. The isolates belonging to Group D were collected from southern part of
Japan.

Morphological study and pairing tests to determine the compatibility of these Laetiporus spp. in Japan
are currently underway.
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SUMMARY

The white-rotting polypore genus Polyporus comprises several infrageneric groups or subgenera,
including Polyporellus, which in turn contain several similar morphological species. Crosses using monokaryotic
single-spore isolates of Polyporus arcularius, P. brumalis, and P. ciliatus obtained from different geographic
locations failed to uncover cryptic biological species. ITS rDNA sequences provided additional information on
the phylogeny of these closely related members of Polyporellus.

Keywords: Basidiomycotina, compatibility, molecular phylogeny, ribosomal DNA

INTRODUCTION

The group Polyporellus contains, among a few other species, three morphotaxa widespread in the
Northern Hemisphere: P. arcularius, P. brumalis, and P. ciliatus (Nuiiez and Ryvarden 1995). P. arcularius is
nearly cosmopolitan, but does not extend into the boreal realm. For example, in Germany there is a northern limit
reported by Conrad et al. (1995). P. brumalis is circumhemispherical in Eurasia and North America, and P.
ciliatus has been reported from temperate Eurasia. All three species have also been reported from South America
(Popoff and Wright 1998 for P. arcularius and P. ciliatus, Nuiiez and Ryvarden 1995: by virtue of accepting
synonyms to P. brumalis and P. ciliatus from Spegazzini). Closely related to P. ciliatus appears to be P.
tricholoma, included in our phylogenetic analyses for outgroup purposes.

Spanish and Costa Rican collections of P. arcularius have previously been shown to belong to the same
intercompatibility group (Nufiez 1993). Likewise, Hoffmann (1978) reported collections of P. ciliatus from
Europe and North America to belong to one interfertile group and collections of P. brumalis from Europe, North
America, and India to form another interfertile group. There has been nomenclatural confusion in P. arcularius,
P. brumalis, and P. ciliatus, and names have been misapplied (see Jahn 1969; Kreisel 1963). Based on mating
study results, Hoffmann (1978) assigned two German and one Canadian collection obtained as P. brumalis to P.
ciliatus. For Hoffmann (1978) all three taxa (with one strain of P. arcularius included) were mutually
incompatible.

A particular question is whether Polyporus ciliatus occurs in North America, as claimed by Hoffmann
(1978) and herbarium labels at DAOM, or in South America, as indicated by Popoff and Wright (1998). Nufiez
and Ryvarden (1995) regarded P. ciliatus as unknown from North America. We are also interested in addressing
the phylogeny of Polyporellus, and whether different morphospecies correspond to single biological and
phylogenetic species entities.

Phylogeny and Taxonomy



Here we report current progress of our research in Polyporellus as we collect the initial framework of data
to answer the above problems, including an assessment of the suitability of the use of nuclear ITS rDNA data for
the questions of interest.

MATERIALS AND METHODS
Specimens, establishment and maintenance of cultures

Our own collections were assigned field book numbers, annotated, dried for preservation, and accessioned
into TENN (Holmgren et al. 1981). Phase contrast microscopic observations were undertaken after squash
mounting of herbarium specimens in 3% w/v KOH and phloxin dye, at 400 x magnification. Identification based
on morphological characters was accomplished with the aid of keys by Gilbertson and Ryvarden (1986 - 1987),
Ryvarden and Gilbertson (1993 - 1994), and Nuiiez and Ryvarden (1995). In some cases, colleagues furnished
spore prints from which cultures were obtained.

Techniques for establishing monokaryotic single-basidiospore isolates (SBIs) were described by Gordon
and Petersen (1991). Dikaryon cultures were established for a number of collections as described by Petersen and
Hughes (1997). Monokaryon and dikaryon cultures were stored on agar disks of malt extract agar (MEA: 1.5%
w/v Difco malt extract, 2% w/v Difco Bacto-agar, Nobles 1965) in sterile water in microvials (Burdsall AND
Dorworth 1994). Occasional bacterial contamination was overcome by passage through MEA plates
supplemented with 1.54 mM chloramphenicol (Calbiochem 220551) and 10.67 uM streptomycin sulfate (Sigma
S0890).

In order to obtain lacking herbarium specimens and/or monokaryon cultures, fruiting of dikaryon cultures
on Fagus, Acer, Juglans, or Betula wood chips followed the procedure of Psurtseva and Mnoukhina (1998).
Additional dikaryotic cultures were obtained from culture collections, and specimens or DNA extractions from
other sources below. The following section, ordered alphabetically by country of origin, is read as: COUNTRY.
Infracountry. Notes. Collector and date. Field book number or other number obtained elsewhere / TENN
number or other collection number if available (GenBank number). Other acronyms: CBS = Centraalbureau
voor Schimmelcultures, Utrecht, Netherlands. DAOM = "Department of Agriculture, Ottawa, Mycology"
(National Mycological Herbarium, Ottawa, Canada). DSH = D. S. Hibbett collection number. DSMZ-H = cultures
used by Hoffmann (1978) and kept at Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH,
Braunschweig, Germany. O = University of Oslo herbarium, Oslo, Norway. SBUG-M = "Sektion Biologie Univ.
Greifswald - Myzelpilze" (Univ. Greifswald, Germany, fungal culture collection). VT = "Virginia Tech".

P. arcularius Batsch: Fr.

AUSTRIA. Niederosterreich: Kaltenleutgeben. On Fagus. H. Voglmayr Apr 04 1999. 10299/TENN58370 (SBI2:
AB070865, SBI4: AB070866). / CANADA. Ontario: Rondeau Prov. Park. On Tilia. R. G. Thorn May 22 1983.
CBS 223.91/ RGT830522/01 (AB070858). / COSTA RICA. Cartago: km 66 of Interamerican Highway. R.
Petersen Jul 01 1998. 9473/TENN56447. / CHINA. Guizhou. R. Petersen Aug 31 1991. 4124/TENNS50834
(SBI1: AB070863, SBI2: AB070864). / GERMANY. Mecklenburg-Vorpommern: Usedom. On Fagus. R. Biitow
Jun 1997. SBUG-M1244 (fruited for obtaining specimen/spores) /TENN58529, 58569, 58588 (AB070861). /
SOUTH AFRICA. Kruisfountein. On Olea. P. Talbot Nov 1955. DAOM 94067 (from PRES2) (AB070859). /
USA. Florida: Welaka. On wood chips. E. Lickey Mar 19 2001. 10975/TENN58890. / USA. Louisiana: Baton
Rouge. D. Sime May 21 1997. 9076/TENN54876. / USA. Louisiana: Lafayette. R. Petersen May 23 1997.
9101/TENN54925. / USA. Louisiana: West Feliciana. E. Lickey May 26 1997. 9214/TENN55948. / USA.
Tennessee: Tremont. H. Voglmayr Apr 02 2000. 10929/ TENN58412 (SBI1: AB070867, SBI2: AB070868). /
USA. Tennessee: Knoxville. H. Voglmayr Apr 04 2000. 10930/TENN58438. / USA. Texas. On Pinus. J. L. Mata
Jun 10 2000. 10477/TENN58540. / USA. Texas. 4. Methven Jun 10 2000. 10693/ TENNS58779. / Extraction from
D. S. Hibbett (Hibbett and Donoghue 1995). DSH92.144 (AB070860). / Extraction from D. S. Hibbett (Hibbett
and Vilgalys 1993). VT959 (AB070862).
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P. brumalis Pers.: Fr.

AUSTRIA. I. Krisai-Greilhuber Sep 28 1996. 8037/TENNS5596. / AUSTRIA. I. Krisai-Greilhuber Jun 10 1996.
8038/TENN55597. / AUSTRIA. Niederosterreich: Muckendorf. 1. Krisai-Greilhuber and H. Voglmayr Oct 04
1998. 10123/TENN57347. / AUSTRIA. Oberosterreich: St. Willibald. On Betula. H. Voglmayr Oct 23 1999.
10666/ TENNS58382. / AUSTRIA. Oberésterreich: Kirchschlag. On Sorbus. H. Voglmayr Nov 01 1999.
10667/ TENN58383. / CANADA. Quebec: Kingsmere. J. W. Groves Oct 31 1955. DAOM 31983 (AB070869). /
CANADA. Quebec: Kingsmere. J. W. Groves Oct 31 1955. DSMZ-H17 (from DAOM 31983) (AB070870). /
DENMARK. Roskilde Amt: Lellinge. On Fagus. H. Knudsen May 18 1999. 10169/TENN57700 (SBIl:
AB070872, SBI3: AB070873). / DENMARK. Storstrems Amt: Fakse. On Fraxinus. R. Petersen May 19 1999.
10178/ TENNS7708. / GERMANY. Mecklenburg-Vorpommern: Malchow. On Fagus. D. Kriiger May 09 1999.
10147/TENN57678. /| GERMANY. Mecklenburg-Vorpommern: Neustrelitz. On Fagus. D. Kriiger Dec 28 1999.
10908/ TENN58391 (SBI4: AB070876, SBIS: AB070877). / NORWAY. Oslo. On Betula. D. Kriiger Mar 25
2000. 10917/TENN58400. / NORWAY. Telemark: Grasdalen. On Sorbus. A.-E. Torkelsen May 23 1972. 092301
(AB070871). / RUSSIA. On Alnus. R. Petersen Sep 21 1996. 89T1/TENNS55631. / USA. Alaska: Anchorage. On
Alnus. R. Petersen Sep 09 1995. 7992/TENN53984 (was identified as P. ciliatus). / USA. Alaska: Anchorage. On
Alnus. R. Petersen Sep 11 1995. 8122/TENN53936 (was identified as P. ciliatus). / USA. Tennessee. On Fagus.
K. McFarland Nov 07 1999. 10665/ TENNS58381 (SBI1: AB070874, SBI2: AB070875). / USA. West Virginia. 4.
Kovalenko Sep 30 2000. 10964/ TENNS58828. / USA. West Virginia. A. Kovalenko Sep 30 2000.
10965/TENNS8827.

P. ciliatus Fr.

AUSTRIA. Niederdsterreich: Hainburg. On Populus. I. Krisai-Greilhuber and H. Voglmayr Apr 29 1999.
10300/TENNS8371. / DENMARK. Ribe Amt: Billund. J. Vesterholl May 14 1999. 10507/ TENNS57737. /
DENMARK. Roskilde Amt: Lellinge. R. Petersen, H. Knudsen and D. Kriiger May 18 1999. 10165/TENN57696.
/ DENMARK. Roskilde Amt: Lellinge. On Acer. H. Knudsen and R. Petersen May 18 1999. 10167/ TENN57698
(SBI9: AB070882, SBI10: AB070883). / DENMARK. Roskilde Amt: Lellinge. On Fagus. H. Knudsen and D.
Kriiger May 18 1999. 10168/ TENNS57699. / GERMANY. Baden-Wiirttemberg: Tiibingen. On Betula. D. Kriiger
May 31 1999. 10521/TENNS57751. / GERMANY. Mecklenburg-Vorpommern: Malchow. On Quercus. D. Kriiger
May 05 1999. 10149/TENNS7680. / GERMANY. Mecklenburg-Vorpommern: Zislow. On buried Betula wood.
D. Kriiger May 05 1999. 10151/TENN57682. / GERMANY. Mecklenburg-Vorpommern: Neustrelitz. On Fagus.
D. Kriiger May 13 1999. 10156/TENNS57687. / GERMANY. Mecklenburg-Vorpommern: Greifswald. On Fagus.
M. Scholler and D. Kriiger May 22 1999. 10181/TENNS57711. / GERMANY. Mecklenburg-Vorpommern:
Carpin, Nature Reserve Serrahn. R. Petersen May 25 1999. 10318/ TENNS57966. / GERMANY. Mecklenburg-
Vorpommem: Zwenzow, Krummer See. D. Kriiger May 26 1999. 10320/TENNS57968. / GERMANY.
Mecklenburg-Vorpommern: Carpin, Nature Reserve Serrahn. On Fagus. D. Kriiger May 25 1999.
10508/ TENNS57738. / FINLAND. Eteld-Héme: Evo. R. Petersen Sep 13 1994. 7480 (fruited for obtaining spores
to make up for lost monokaryons) /TENN53639, 58441, 58823 (SBI2: AB070880, SBI3: AB070881). /
SWEDEN. Uppland: Tarnby Lund. On Betula. R. Petersen Sep 04 1994. 7257/TENN53619 (SBI2: AB070878,
SBI7: AB070879).

P. tricholoma Mont. (included in phylogeny)

COSTA RICA. Heredia: Chilimate. On buried wood. R. Petersen Mar 13 1999. 10240/TENN57563 (AB070885).
/ COSTA RICA. Heredia: Chilimate. R. Petersen Mar 13 1999. 10241/TENN57564 (AB070888). / MEXICO.
Chiapas. Small dead angiosperm branchlets. R. Petersen Oct 18 1997. 3870/TENN55844 (AB070884). / USA.
Puerto Rico: Palmer. Hardwood log. R. Petersen Jun 09 1998. 9568/ TENN56481 (AB070887). / USA. Puerto
Rico: Palmer. Hardwood log. R. Petersen Jun 12 1998. 9591/TENN56503 (AB070886).

P. alveolaris (DC.: Fr.) Bondartsev and Singer (Favolus group; outgroup in phylogeny)
Extraction from D. S. Hibbett (Hibbett and Vilgalys 1993). DSH 90.36 (AB070828).
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Mating experiments

Self-cross pairings for determination of mating types and tester strains were made among 12 randomly
selected monokaryotic SBIs of at least one collection per species. Tester strains are SBIs with known mating type
assigned for later testing of new arrivals. Subtester strains are auxiliary tester monokaryons selected later from
collections of a different geographic origin, without prior knowledge of the actual mating type of the SBI. The
technique for self-crosses was described by Petersen (1992). For intercollection pairings, four SBIs (randomly
selected, or testers/subtesters when assigned) were paired with four SBIs (randomly selected, or testers/subtesters
when assigned) from other collections in this study.

DNA extraction

DNA was extracted using a CTAB method (either modified from Carlson et al. 1991, see Hughes et al.
1999; or modified from Doyle and Doyle 1987; Zolan and Pukkila 1986; see Kriiger et al. 2001), SDS-based
method (Lee and Taylor 1990), or more recently, with a xanthogenate/SDS miniprep protocol modified from
Tillett and Neilan (2000). All methods gave approximately equivalent results and were not always effective. In
the CTAB methods, 10 to 50 mg of herbarium material, or less of hyphal material scraped off MEA plates, was
placed in a 1.5 ml reaction tube with 0.5 ml prewarmed (65°C) CTAB extraction buffer (0.1M Tris, 0.2 M
Na,EDTA, 1.5 M NaCl, 55 mM CTAB = hexadecyltrimethylammonium bromide, Sigma H5882). The material
was incubated for 30 to 60 min at 65°C in a 1.5 ml tube and shaken occasionally before being ground with a
sterilized plastic mini pestle (Kontes Pellet Pestle®, Kontes 749520).

For tough basidiocarps of herbarium specimens, grinding was supported with sterile sand, and the
material repeatedly frozen and heated (three cycles of 10 min at -80°C / 10 min at 65°C (Vréalstad et al. 2000).
Here, a 3% w/v SDS (sodium dodecyl sulfate, Sigma L4509), 1% w/v mercaptoethanol extraction buffer (500 pl,
65°C) was used instead of CTAB extraction buffer.

With either extraction procedure, approximately the same volume of 24:1 chloroform:isoamyl alcohol
was added, the mixture vortexed briefly, and spun at 12,000 rpm for 4 min. The upper, clear phase was transferred
to a new 1.5 ml reaction tube and mixed with an equal volume of isopropyl alcohol (4°C). The reaction tube
contents were mixed, refrigerated (4°C) for one hour, and centrifuged for 4 min at 13,000 rpm. The resulting
pellet was rinsed twice in 70% v/v ethyl alcohol, air-dried, and resuspended in 100 pl TE buffer (10 mM TrisHCI,
1 mM Na,EDTA; pH 8.0).

DNAs were also extracted from fungal tissue using a modified xanthogenate protocol (Tillett and Neilan
2000). Fresh material was soaked for several weeks at 4°C in CTAB / sodium azide preparations (after Rogstad
1992: 6 M NaCl, 3 mM NaNj3, 41.1 mM CTAB). Alternatively, fresh or herbarium material was stored in SDS
buffer (50 mM Tris/HCI, 50 mM Na,EDTA, 10% w/v SDS, pH 7.2). Ten to 50 mg of such material was ground in
50 pl TE buffer with a small amount of sterile sand in a 1.5 ml microfuge tube as described above. For material
grown 2 - 8 weeks at room temperature in malt extract (ME) broth (ca. 10 ml 1.5% w/v Difco malt extract, in
baby food jar), 250 - 500 mg of material was filtered, blotted dry, then ground. After addition of 50 ul TE
extraction buffer, a minipestle mounted on a drill was used to grind the material. Following grinding, 750 pl of
potassium ethyl xanthogenate buffer (100 mM Tris/HCI pH 7.2, 20 mM Na,EDTA pH 8.0, 1% w/v SDS, 800 mM
ammonium acetate, 1% w/v C;HsKOS, = potassium ethyl xanthogenate: Fluka 60045) was added. The tube
contents were vortexed, and incubated at 70°C for 60 min, with occasional vortexing. After a final, vigorous
vortex for 10 sec, samples were placed on ice for 30 - 60 min, and then centrifuged at 14,000 rpm for 10 min. The
supernatant was recovered, and DNA precipitated with 750 pl isopropyl alcohol (80% v/v, 4°C), and spun at
10,000 rpm for 10 min. The alcohol was aspirated, and the pellet was washed with 250 pl 95% v/v cold ethyl
alcohol, spun again at 10,000 rpm for 10 min. Remaining alcohol was then pipetted off, removed with a piece of
paper towel, and evaporated 2 min at 70 °C on a heating block. The pellet was then resuspended in 50 pl TE
buffer supplemented with 2 ul RNAse Plus (5 Prime - 3 Prime, Inc., now Eppendorf-5 Prime, Inc.), and incubated

10 min at 50°C.
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PCR and sequencing

DNA selected for sequencing was primarily monokaryotic in origin. For tester and subtester isolates we
attempted to sequence two monokaryons for each collection. The nuclear ribosomal ITS I - 5.8S - ITS2 region
was amplified with primers ITS 1-F and ITS 4-B (Gardes and Bruns 1993). A 50 pl reaction contained 1 X buffer
supplied by manufacturer (includes MgCl, in case of QBioGene polymerase kit, or separate 3 mM MgCl,), 0.8
mM each dNTP, 0.2 ng/pl of bovine serum albumin (Sigma A7906), 0.2 mM primer each, 1.1 units 7ag
Polymerase (QBioGene EPTQA023; for difficult reactions: TaKaRa ExTaq ™ kit used after manufacturer's
instructions, PanVera). Parameters were as follows: initial denaturation 94°C / 3 min, followed by 35 cycles of
denaturation 94°C / 1 min, annealing 52°C / 1 min, extension 72°C / 1 min. The final extension was 72°C / 3 min,
followed by an indefinite storage step at 4°C. PCR products were electrophoresed in a 1.5% w/v agarose/TBE gel.
In spite of secondary bands, amplified DNA product was not excised, but used after cleaning with a Microcon-
PCR device kit (Millipore), according to manufacturer's instructions. This seemed appropriate because
disappearance after treatment with restriction enzymes Bfil (MBI Fermentas) and Ncil (New England Biolabs) in
Polyporus tricholoma proved those bands to be due to secondary structure. Internal primers ITS 5 and ITS 3
(White et al. 1990) were used as sequencing primers. Cycle-sequencing was performed with the ABI Prism Dye
Terminator Cycle Sequencing kit (Perkin-Elmer), following manufacturer's instructions and using approximately
200 ng DNA template.

Sequence data

Sequences were corrected using Chromas v. 1.45 (Conor McCarthy; Griffith University, Southport,
Australia) for viewing and manipulating ABI electropherograms and Programmer's File Editor v. 0.07.002 (Alan
Phillips, Lancaster University, UK). Sequence alignment was done with ClustalX 1.64b (Thompson et al. 1997),
followed by visual confirmation and manual optimization. The neighbor-joining (Saitou and Nei 1987) algorithm
as implemented in ClustalX was used for initial phylogenetic analysis. A NEXUS file (Maddison et al. 1997) was
manually generated for use in PAUP*4.0b8 (Swofford 2001). Gaps were coded as missing after trying alternative
treatment modes. Heuristic searches were performed both in 20% deletion jackknife (Efron and Gong 1983) and
bootstrap (Felsenstein 1985) resampling analyses (TBR swapping, MAXTREES set to 1,000, 100 random taxon
addition repeats per resampling pseudoreplicate). TreeVIEW 1.5 (Page 1996) was used to view and manipulate
trees. Sequences were submitted to EMBL/GenBank/DDBJ databases using the DDBJ Sakura submission system.

RESULTS

Mating studies and culture morphology

We confirmed a tetrapolar mating system for P. arcularius (Vandendries 1936a, Hoffmann 1978), P.
brumalis (Vandendries 1936b, Hoffmann 1978) and P. ciliatus (Hoffmann 1978, Petersen et al. 1997). We
selected the following tester strains for later research: P. arcularius field book number 10299: A,B, (SBI1), A;B,
(SBI4), A;B; (SBI3), A;B; (SBI2); P. brumalis field book number 10908: A;B; (SBIl), A|B, (SBI4), A,B,
(SBIB), A;B, (SBIS); and P. ciliatus field book number 10167: A;B, (SBI11), A;B, (SBI9), A,B; (SBI10), A,B,
(SBI12). Results of the intercollection pairing experiments are shown in Fig. 1B (lower triangle).
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Cultures of newly isolated Polyporellus SBIs tended to form basidiocarp primordia on MEA plates and in
ME broth (also observed by Hoffmann 1978), a phenomenon that seems to disappear after one passage through
storage in water vials. Brown crusts were formed, but were less apparent than in the Melanopus group.
Conidiogenesis occurs, but was less frequent than in the Squamosus and Melanopus groups. The "Border Zone"
mentioned by Hoffmann was not consistently evaluated, and not distinguished by us from barrage-like non-self
contact zones. Several SBIs of P. arcularius field book number 10929 and most of P. brumalis field book number
8971 tended to form "halos" around the inoculation block where hyphae lay appressed on the agar surface, and
more aerial growth beyond the halo. "Barrage" and "flat" reactions were not useful in assigning mating types, as
mentioned by Petersen et al. (1997), and as explained by the control through mating-type independent genes bfI,
bfII, and bi (Hoffmann 1978). Several older SBIs of P. ciliatus (used in Petersen et al. 1997) appeared to have lost
viability in the course of repetitive work with them over several years (few aerial hyphae, only thin repent hyphae
on wetted agar surface), resulting in replacement of tester stocks.

Molecular phylogeny

Sequence analyses were based on 610 aligned characters, of which 462 were stable, 75 variable but
parsimony-uninformative, and 73 parsimony-informative. In the ITS 1, ITS 2 and 5.8 S downstream end regions,
numerous ambiguous positions were found, but were left as ambiguous base codes in the analyses reported here.
It is not yet known how much of the ambiguity stems from PCR artifacts or to what extent the rDNA repeat may
not be completely homogenized.

Results of the neighbor-joining (NJ) function in ClustalX performed with 1,000 bootstrap repeats are
given in Fig. 2. NJ bootstrap support (out of 1,000 trees, only if above 500) is given next to nodes. This
dendrogram is rooted with P. alveolaris, and also gives the PAUP* jackknife and bootstrap supports for major
nodes. Nodes not showing PAUP* heuristic support values were either not recovered at all in majority consensus
of trees found by these parsimony methods, or were recovered at a percentage lower than 50. P. brumalis
consisted of two NJ-clades (low NJ bootstrap support) in a trichotomy with P. arcularius, but was found as one
single clade in PAUP* resampling analyses. This clade itself is collapsed, but supported with 99% jackknife value
vs. 89% bootstrap value. In general, jackknife values are higher than bootstrap values. With high resampling
support values, P. arcularius, P. brumalis, and P. ciliatus clades are consistently recovered with the different
cladistic methods (NJ: bootstrap, heuristic: bootstrap, jackknife) employed.

A PAUP* bootstrap analysis with 100 pseudoreplicates was unable to perform more than one random
taxon addition repeat (instead of 100 intended) in each pseudoreplicate as the buffer of 1,000 trees was reached
within few sec. The 50% majority rule consensus scored with CI=0.840, HI=0.160, RI=0.890, RC=0.747. The 100
pseudoreplicates jackknife resampling analysis on PAUP*, based on 20% deletion (122 actual characters) also
could not run the intended 100 random taxon addition replicates for the same reason as mentioned for the
bootstrap. Its 50% majority rule dendrogram had following scores: CI=0.687, HI=0.313, RI=0.900, RC=0.767.

Initially we tried performing the analysis with GAPMODE=newstate. Here we reduced gaps longer than
one character to one position. Several gap-carrying positions with unclear homology were excluded, and in one
case those were treated as missing data. All these analyses converge on the same topology of above major clades
in a majority rule consensus of 1,000 heuristic bootstrap analysis trees in PAUP*. Therefore APMODE=newstate
was not used for time-consuming resampling analyses.
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Figure 2. ClustalX NJ dendrogram. SBI number following field book number for sequenced monokaryons in
given (e.g. 9591-1: 1 denotes SBI1 of field book number 9591). NJ bootstrap support (out of 1000) is given at left
of the node. Boxes at major nodes contain following values: first number: ClustalX NJ bootstrap support, second
number: parsimony analysis using jackknife resampling: jackknife (J) support as a percentage, third number:
parsimony analysis using bootstrap resampling: bootstrap (B) support as a percentage. Black box around P.
brumalis indicates two NJ clades collapsing to one single, polytomous clade in PAUP* parsimony resampling
analyses.

CONCLUSION

Morphology

The three morphospecies may be successfully separated using keys and descriptions by Gilbertson and
Ryvarden (1986 - 1987), Ryvarden and Gilbertson (1993 - 1994), and Nuiiez AND Ryvarden (1995), although we
experienced some difficulty with aged basidiocarps. Where in doubt, availability of mating experiments allowed

assignment to the species.
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Compatibility

Polyporus arcularius | P. brumalis / P. ciliatus were each shown to have a tetrapolar mating system. Each
morphospecies is congruent with one biological species by virtue of clamp formation in mate recognition. Two
exceptional formations of clamps in the contact zone of plates with P. arcularius X P. ciliatus (Fig. 1B, note "!")
were confirmed in a repetition; this apparent dikaryotization is awaiting further study. Aside from this, no other
compatibility was detected across morphospecies boundaries.

Molecular phylogenetic reconstruction

In P. arcularius / brumalis / ciliatus we found that phylogenetic species confirmed the biological species
entities. The major phylogenetic clades are recovered with NJ, jackknife, and bootstrap analyses. P. arcularius
and P. brumalis appear to be sister taxa, with P. ciliatus further removed in a mid-position to ancestral P.
tricholoma. Both P. ciliatus and P. tricholoma have smaller pores and more apparent cilia than P. arcularius /
brumalis, which may mirror this relationship. We also conclude that ITS rDNA may be suitable to assign
specimens / cultures to phylogenetic clades, but it is too laden with gaps, homoplasy, and ambiguity to resolve
phylogeographic groups within these major clades.
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IDENTIFICATION OF ARMILLARIA SPP. IN NORTH-WEST SPAIN USING MOLECULAR
TECHNIQUES
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SUMMARY

The genus Armillaria contains many species distributed worldwide. In Europe, seven different species
have been identified. The presence of Armillaria in Spain is well known, but until now, there were no studies
done on the identification and geographical distribution of this fungus. The aim of this project was to identify the
different Armillaria species present in north-west Spain using molecular techniques.

The material used for DNA extraction was from mycelium found on affected plants, rhizomorphs found
on roots, mycelium or rhizomorphs growing on agar media or from spores. Using a polymerase chain reaction
(PCR) based technique, a small section of the intergenic spacer (IGS) was amplified from the material collected
from different locations. A fragment of about 900 bp was amplified from all the tested samples. The amplified
fragment was digested with the restriction enzymes Alu I, Nde I and Bsm 1.

Over 100 samples have been analysed with this method and the results obtained show five different
restriction patterns that corresponded to the species 4. mellea, A. ostoyae, A gallica and A. cepistipes. Two
different patterns were found for 4. mellea (mel 1 pattern and mel 2 pattern). The species more frequently found
was A. mellea (mel 2 pattern), isolated mainly from broadleaf trees, ornamental shrubs, conifers, fruit trees and
vine. A. ostoyae has been identified only from conifers. 4. gallica and A. cepistipes were less frequently found
and only on broadleaf trees and vine samples.

Keywords: Armillaria, identification, PCR-RFLP, Spain, species

INTRODUCTION

The genus Armillaria contains many species distributed worldwide. In Europe, seven different species
have been identified. The presence of Armillaria root disease in Spain is well known, but identifications of the
fungus to species level are infrequent in comparison to other European countries (Guillaumin et al. 1993).

During the last ten years the number of Armillaria samples which have been received at the plant
pathology laboratory at the Estacion Fitopatologica ‘Do Areeiro’ (Pontevedra, NW-Spain) has increased
considerably. Amongst the plant genera examined from this region, Vitis was the most frequently affected. This
could be related to the soil and climate conditions of the area as well as the habit of cultivating vineyards on
previously wooded land.

Over a long period of time, different methods have been used to develop a rapid and accurate technique to
discriminate the different Armillaria species. However, for various reasons, it has not been practicable to use them
(Mansilla et al. 2000). After Anderson and Stasovski (1992) sequenced the IGS (Intergenic Spacer) region of the
ribosomal RNA for some Armillaria species, a PCR- RFLP technique was developed (Harrington and Wingfield
1995) and led to the reliable identification of the different species (Pérez Sierra et al. 1999). The aim of the
research reported here was to identify the different Armillaria species present in north-west Spain using this PCR-
RFLP technique.
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MATERIALS AND METHODS

Armillaria was isolated from mycelium found under the bark of infected plants, rhizomorphs found on
roots, mycelium or rhizomorphs growing on agar media or from basidiospores. One hundred samples were
examined from different areas in north-west Spain.

The PCR-RFLP technique used by Pérez Sierra et al. (1999) was modified by Mansilla et al. (2000) to
amplify the IGS region of Armillaria. DNA was extracted following the protocol described for the EZNA fungal
DNA miniprep kit (Omega Biotek) without RNAse or mercaptoethanol (Martin and Torres 1998). Ready-To-Go-
PCR beads (Amersham-Pharmacia Biotech) were used for the amplification, adding 1ul of extracted DNA and
0.5ul of each primer (10pm/pul), in a total volume of 25ul. The primers LR12R and O-1 (Anderson and Stasovski,
1992) were selected and the amplification performed in a Mastercycler Personal thermocycler (Eppendorf). The
amplification conditions were 95 seconds at 95°C, followed by 35 cycles of 60 seconds at 60°C, 120 seconds at
72°C and 60 seconds at 95°C, with a final extension of 10 minutes at 72°C.

Each time, a negative control was used as well as positive controls of haploid testers of the six European
Armillaria species, kindly donated by Dr. Guillaumin (INRA, Clermont Ferrand, France) and Dr. Korhonen
(Finnish Forest Institute Research, Finland).

The PCR products were digested with the restriction enzymes 4/u I, Nde I and Bsm I (Roche Diagnostics)
according to the manufacturer’s recommendations and required purification with the High Pure PCR Product
Purification kit (Roche Diagnostics) for the latter two restriction enzymes. The PCR product and the digested
fragments were separated in 3% agarose gels stained with ethidium bromide. A 100 bp ladder was used as a
marker (Marcador XTIV, Roche Diagnostic). A gel documentation system was used to save the gel images and
later these were analysed by densitometry (1D-Manager, TDI, Madrid)

RESULTS AND DISCUSSION

A fragment of about 900 bp was amplified from all the samples. The digestion of this fragment with the
restriction enzyme A/u I gave different patterns which corresponded with the patterns of 4. mellea (mel 1 y mel
2), A. gallica (gal 1) and A. cepistipes (cep 1) published by Pérez Sierra et al. (1999). The digestion with Alu I
gave a restriction pattern (310, 200 and 135 bp) that corresponded with the patterns described for 4. ostoyae, A.
cepistipes 2 and A. borealis 2.(Harrington and Wingfield 1995; Pérez Sierra et al. 1999). The PCR products of the
samples with this pattern were then digested with the restriction enzymes Nde I and Bsm I, and the samples were
identified as A. ostoyae.

A. mellea was identified in 69% of the samples examined and the affected plants were vines, fruit trees,
conifers, deciduous trees and ornamentals. The majority corresponded with A. mellea pattern 2 (320, 155 bp). 4.
gallica was identified in 19% of the samples and was found on vines and broadleaf trees; the digestion pattern
corresponded to 4. gallica 1 (400, 240, 190 bp). A. cepistipes was identified from rhizomorphs in one sample
only, its restriction pattern was 4. cepistipes 1 (400,200,190 bp). 4. ostoyae was identified in the remainder of the
samples and was always associated with Pinus sp. A list of the hosts and fungal material used for isolation
together with the corresponding pattern is shown in Table 1.
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Table 1. Patterns obtained for the Armillaria species identified in the north-west of Spain, host and fungal‘
material.

Species (pattern) Host fungal Fungal material
A. mellea (mel 1) Camellia sp., Vitis sp. Rhizomorphs, mycelium
A. mellea (mel 2) Actinidia deliciosa, Acacia sp., Catanea sativa, Rhizomorphs, mycelium,

Crataegus  azarolus,  Euonymus  japonicum, basidiospores
Hydrangea sp., Malus domestica, Magnolia

grandiflora, Olea sativa, Prunus domestica, Pinus

pinaster, Pinus sp, Quercus robur, Quercus suber

Salix babilonica, Syringa vulgaris, Salix babilonica,

Rhododendron, Vitis sp.

A. gallica (gal 1) Acacia melanoxylum, Aesculus hippocastanum, Acer Rhizomorphs, mycelium,

pseudoplatanus, Citrus sinensis, Corylus avellana, basidiospores

Prunus avium, Robinia pseudoacacia, Thuja sp.,

Vitis sp.
A. ostoyae (ost) Pinus pinaster, Pinus sp., Pinus tabulaephornis Rhizomorphs, mycelium,
basidiospores
A. cepistipes (cep 1) Vitis sp. Rhizomorphs

The lack of studies on the identification of Armillaria species in Spain led to the assumption that 4. mellea was
the causal agent for all infections. However, the use of this PCR-RFLP technique allowed us to confirm the
presence of four Armillaria species, even though A. mellea is the most frequently encountered. The use of this
technique for routine examination will allow a rapid diagnosis of the genus on different hosts and this will help
growers to take control measures to reduce or minimise the damage caused by the pathogenic species.
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INVESTIGATIONS ON HETEROBASIDION IN CENTRAL AND EASTERN ASIA

K. Korhonen', Y.-C. Dai%, J. Hantula', and E. Vainio'

1) Finnish Forest Research Institute, Vantaa Research Centre, P.O. Box 18, FIN-01301 Vantaa, Finland
2) Botanical Museum, University of Helsinki, P.O. Box 47, FIN-00014, Finland

SUMMARY

In order to throw light on the taxonomy of Heterobasidion in Eurasia, 48 samples of H. annosum s. lato
and 32 samples of H. insulare from several regions in Asia were investigated with the aid of mating tests and
DNA fingerprinting using random amplified microsatellite (RAMS) and M13 minisatellite primers. The results
obtained with these methods were in good agreement. Only one species belonging to the H. annosum complex
was identified from eastern Asia. It is sexually compatible with the European H. parviporum (S type), but shows
very high compatibility also with the European H. abietinum (F type). The strains from the eastern Himalayas
(Yunnan) were almost equally compatible with both species; the DNA studies indicated, however, that they are
more closely related to the European H. parviporum. H. parviporum was found to have a wide distribution
extending from Europe in the west through southern Siberia to northern China and Japan in the east, and to the
eastern Himalayas in the south. H. annosum s. stricto (European P type) was only found in the Altai area, southern
Siberia, where it causes damage in pine plantations. The bipolar sexual mechanism of H. insulare was elucidated.
Three intersterility groups of this fungus were identified: one from Taiwan and southern China, one from the
eastern Himalayas, and one from northern China. The latter two are very close relatives and only partially
intersterile.

Keywords: Heterobasidion annosum, H. parviporum, H. insulare, species concept, sexuality, intersterility,
distribution

INTRODUCTION

During the last 20 years, the fungus Heterobasidion annosum (Fr.) Bref. s. lato has been divided into
several species and intersterility groups. The following species and groups are clearly distinguishable:

Europe:
- H. annosum (Fr.) Bref. s. stricto (= European P type) occurs mostly in pine forests. The distribution area

includes the whole of Europe, excluding the northernmost forested areas.

- H. parviporum Niemeld & Korhonen (= European S type) is distributed throughout central and northern
Europe, and attacks Picea abies and Abies sibirica.

- H. abietinum Niemeld & Korhonen (= European F type) occurs on species of Abies in southern and central
Europe.

North America:
- the N. American S group ('fir group') occurs on coniferous trees belonging to several genera (e.g. Abies,
Picea, Pseudotsuga and Sequoiadendron) in western North America.
- the N. American P group ('pine group') is distributed throughout the North America and attacks mostly pine

species.
Australia and adjacent islands:

- H. araucariae Buchanan differs in many respects from members of the H. annosum complex in the Northern
Hemisphere, e.g. it is homothallic and non-pathogenic.
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In Asia, the situation is relatively unclear. Within the H. annosum complex, only H. parviporum has been
identified in Northern China (Dai and Korhonen 1998). Another species in eastern Asia is the almost non-
pathogenic H. insulare (Murray) Ryv. (Fig. 1) Its distribution area extends in the north to the Russian Far East
and Japan, in the south to the Philippines, and in the west to India (Buchanan 1988). The sexuality and population
structure of this species are not known.

In this study, isolates of Heterobasidion from central and eastern Asia were investigated using mating
tests and DNA fingerprinting. The Asian isolates were compared with the European and North American
representatives of the H. annosum complex. The aim of the study was to elucidate the taxonomy and evolution of
this genus in Eurasia.

MATERIAL AND METHODS

The material contained representatives of the H. annosum complex and H. insulare, and originated from
the following areas:

Nr. of samples

Area H. annosum s.l.  H. insulare Host
Altai, southern Siberia 6 - Abies sibirica
5 - Pinus sylvestris
Kirghizia, central Asia 1 - Picea abies
Heilongjiang province, NE China - 5 Abies

Jilin province, NE China 17 9 Abies, Picea
Guizhou province, S. Chine - 5 Pinus

Yunnan province, SW China 13 10 Abies, Picea, Pinus
Taiwan = 2 Pinus

Japan 2 1 Abies

India 4 - Picea, Pinus, Cedrus
TOTAL 48 32

The samples primarily consisted of fruit bodies, from which single-spore cultures were isolated. A few
samples consisted of a tissue isolate only, from which homokaryotic conidia were isolated. In order to investigate
the degree of sexual compatibility between different populations (including the European and North American
members of the /. annosum complex), a number of homokaryotic isolates representing each population were
paired on malt extract agar, and the occurrence of clamp connections in the partners or in subcultures taken from
them was checked. In order to investigate the sexual mechanism of H. insulare, single-spore isolates were paired
with each other and the pairings were investigated daily under the microscope.

Most of the samples were also investigated by DNA fingerprinting using random amplified microsatellite

(RAMS) and M13 minisatellite primers. DNA isolation and amplification of the RAMS and M13 fragments were
carried out according to Vainio et al. (1998, 200x).
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RESULTS

The results obtained with the mating tests and DNA fingerprinting were in good agreement. The
following species and intersterility groups were identified:

H. annosum s. str. was found only in Pinus sylvestris plantations of the Altai area, southern Siberia,
where it causes considerable damage. So far this is the easternmost record of this fungus in Eurasia.

H. parviporum was identified from Kirghizia, the Altai area, Jilin province in China and Japan. The H.
annosum s.1. strains from Yunnan also apparently belong to this species, although they may not be completely
compatible with the European strains, and they are also approximately as compatible with the European H.
abietinum (Fig. 2). However, DNA fingerprinting indicated that the Yunnan strains are distinctly more closely
related to the European H. parviporum than to H. abietinum.

North American H. parviporum North American

S group northern S group
ELirape Ural Mts.
73% ;
67% Altai Mts. northern
o 98%
western western
N. America 73% N. America

western
Himalayas

H. abietinum

Figure 1. A schematic picture showing the known distributions of the members of the H. parviporum -
H. abietinum cluster, and the approximate degree of sexual compatibility between some populations. The
compatibility is based on the appearance of clamp connections in pairings made in the laboratory, and it
does not necessarily indicate that hybrid heterokaryons are competent in nature.

H. insulare proved to be a species complex. Its members have a bipolar mating system. Clamp
connections (even double clamps) can be found in homokaryotic mycelia, but compatible matings can be
recognised on the basis of their hyphal and mycelial morphology as follows: Initially the hyphae form loose
aggregates in the contact zone, from which vigorous clamped hyphae (apparently heterokaryotic) start to grow in
different directions. Eventually the demarcation line between the mating partners disappears. The frequency of
clamps increases in compatible matings, especially that of double clamps.

Three intersterility groups were identified from the following areas:
'group N' - northern China (Heilongjiang, Jilin) and Japan
'group Y' - south-western China (Yunnan)

'group T' - Taiwan and southern China (Guizhou)

Group T seems to be totally intersterile with groups N and Y, and it was grouped separately in the
clustering analysis of the DNA markers. Groups N and Y are very close relatives; they are only partially
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intersterile, and were grouped together in the clustering analysis. So far little is known about possible differences
in the ecology of these groups.

The four H. annosum s.1. isolates from India (western Himalayas) showed only a low mating frequency
with all the European and Asian species of Heterobasidion. However, these isolates had been kept in pure culture
for almost 50 years.

DISCUSSION

Five species or intersterility groups belonging to the genus Heterobasidion were identified from
coniferous forests of central and eastern Asia. Among them, H. parviporum has a wide distribution ranging from
Europe through southern Siberia to northern China and Japan in the east, and to the eastern Himalayas in the
south. In the most extreme parts of the distribution area (Europe and eastern Asia) the representatives of this
species show some differentiation from each other. The fungus occurs in forests where species of Picea or Abies
grow. In the Altai area, H. parviporum causes damage in managed Abies sibirica stands, but it does not seem to be
as pathogenic towards Abies and Picea species of eastern Asia (Dai and Korhonen 1998).

H. annosum s. str. was found only in the Altai area in southern Siberia where it causes damage in Pinus
sylvestris plantations. It is interesting that this species has so far not been recorded from eastern Asia. Almost all
our isolates of Heterobasidion from Pinus species in this area proved to belong to H. insulare.

The sexual system of H. insulare was solved, and the fungus was shown to be a species complex. Three
intersterility groups were identified from an area that includes China, Japan and Taiwan. All of them have a
bipolar mating system, like members of the H. annosum complex. In contrast to the H. annosum complex,
however, H. insulare has clamp connections also in homokaryotic mycelia. In this respect it resembles the
homothallic species H. araucariae (Chase et al. 1985). The phylogenetic position of H. insulare seems to be
between the H. annosum complex and H. araucariae (Harrington et al. 1998).

There is some indication that a hitherto unknown intersterility group of the H. annosum complex may
occur in India, in the western Himalayas. The isolates originating from this area reacted only weakly in the mating
tests with other members of the complex. However, the isolates were almost 50 years old (from the years 1954
and 1955) and it is possible that they had partially lost their mating ability. On the other hand, the two H.
parviporum isolates investigated from Japan were even older (from the years 1942 and 1952) and, in spite of their
age, they reacted well in the mating test.

The high diversity of Heterobasidion species in south-eastern Asia indicates that much of the variation of
the genus originates from this area. For instance, it appears that the diversification of H. parviporum and H.
abietinum may have started in the eastern Himalayas because the local strains of H. parviporum also show a very
high sexual compatibility with the European H. abietinum. However, it is also possible that these species have
diverged at a later stage, perhaps in Europe (Garbelotto et al. 1998, Harrington et al. 1998). Some support for
both hypotheses can be found from the DNA data available thus far. In case the H. annosum s.1. occurring in the
western Himalayas does indeed prove to be very different from both H. parviporum and H. abietinum, the latter
hypothesis is then the more probable one.
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POLYMORPHISM WITHIN THE 26S rDNA AND INTERGENIC SPACER (IGS-1) OF WILD AND
ARTIFICIAL GENETS OF ARMILLARIA SPP. REVEAL PUTATIVE NATURAL HYBRIDS AND
PHYLOGENIC RELATIONSHIPS

G.I. McDonald*, N.B. Klopfenstein*, and M.-S. Kim**

*USDA Forest Service, Rocky Mountain Research Station, 1221 South Main Street, Moscow, ID 83843, USA
**Department of Forest Resources, University of Idaho, Moscow, ID 83844 USA

PCR products from Armillaria genets representing Northern Hemisphere species were produced using
26S (LR12R) and 5S (O-1) ribosomal DNA (rDNA) primers. These external primers and two internal primers
were used to produce four overlapping sequenced fragments that provided verification of PCR product ends and
conformation of each base position. The high-fidelity sequences provided critical information regarding
insertions/deletions (indels) and single nucleotide polymorphisms (SNP) with which to investigate genetic
relationships. The partial sequence (ca. 260 bp) of the 26S rDNA was highly conserved. A one-base substitution
in this region separated 4. ostoyae, A. mellea, and A. gemina from A. calvescens, A. sinapina, A. gallica, A.
nabsnona, A. cepistipes, and NABS X. Three additional substitutions separated 4. mellea from all other species.
The IGS-1 (ca. 600 bp) was highly variable and contained numerous indels and SNPs. The IGS-1 sequence of
artificial interspecific hybrids (NABS X and 4. sinapina, NABS X and A. cepistipes, A. cepistipes and A.
sinapina) compared to those of wild genets of these species may reflect gene flow among natural populations.
Patterns of specific indel and SNP occurrences among natural populations of 4. ostoyae suggest that geographical
and/or environmental races might be definable. These preliminary results strongly suggest that critical study of
high-fidelity sequences of the IGS-1 will contribute significantly to our understanding of phylogeny and
population genetics within the genus Armillaria.

PHYLOGENETIC RECONSTRUCTION OF NORTH AMERICAN ARMILLARIA SPECIES AND
RELATED EUROPEAN TAXA BASED ON NUCLEAR RIBOSOMAL DNA INTERNAL
TRANSCRIBED SPACERS

M.B. Hughes, A. Weir, and S.O. Rogers

Faculty of Environmental and Forest Biology, 1 Forestry Drive, 350 Illick Hall, State University of New York
College of Environmental Science and Forestry, Syracuse,
New York 13210

The linkage of morphological, genetic, and molecular characters of Armillaria over the past few decades
has led to the recognition of intersterile groups designated as "biological species." Data from such studies,
especially those using molecular diagnostic tools, have removed a great deal of uncertainty for mycologists and
forest pathologists. However, new questions remain to be answered regarding the phylogeny of North American
Armillaria species and their relationships to their European counterparts, particularly within the “Armillaria
mellea complex.” Our data suggest that North American and European A. gallica isolates are not monophyletic.
Although North American and European isolates of 4. gallica may be interfertile, some North American isolates
of A. gallica are more closely related to the North American taxon A. calvescens than to European isolates of 4.
gallica. We find that the increase in genetic divergence has not necessarily paralleled the development of
intersterility barriers between isolated populations of 4. gallica. Though the relationships among some groups
within the genus seem clarified, the investigation of geographically diverse isolates has revealed that the
relationship between some North American species is still unclear. Further studies are needed to investigate other
regions of the genome which may provide a more robust phylogeny of the genus.
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ARMILLARIA AND ANNOSUM ROOT DISEASES IN A MOUNTAIN PINE (PINUS MUGO VAR.
UNCINATA) STAND IN THE ALPS

D. Rigling

WSL Swiss Federal Research Institute, CH-8903 Birmensdorf, Switzerland

SUMMARY

The cause of tree mortality was investigated in a mountain pine (Pinus mugo var. uncinata) forest in the
Swiss National Park in the Alps. Recently dead mountain pines in a 2 ha study plot were assessed for root rot and
the causal agents were identified. All of the 61 trees examined showed signs of root rot. Heterobasidion annosum
was detected on 39 trees and Armillaria sp. on 28 trees, including 11 trees with both pathogens. The Armillaria
isolates were identified as 4. borealis or A. cepistipes, both considered as saprotrophs or weak pathogens. All H.
annosum isolates belong to the P-group, a known primary pathogen of many pine species. The results of this
study suggest that root diseases play an important role in the dynamics of these forests with H. annosum acting
more as a primary pathogen and Armillaria sp. as a secondary pathogen.

Keywords: Pinus mugo var. uncinata, root disease, Armillaria cepistipes, Armillaria borealis, Heterobasidion
annosum

INTRODUCTION

Natural disturbances play an important role in successional processes of forest ecosystems. In the Alps,
mountain pine (Pinus mugo var. uncinata) behaves as a pioneer tree species, which is often succeeded by the
climax tree species larch (Larix decidua) and stone pine (Pinus cembra). Relatively high tree mortality has been
observed in mountain pine forests in the Swiss National Park in the central Alps, which indicates an ongoing
successional development in these forests. The patterns of tree mortality and their possible causes have recently
been investigated in these forests (Dobbertin et al. 2001). Spatial pattern analysis showed clustering of both living
and dead trees suggesting the presence of distinct mortality centers. Root diseases caused by Armillaria sp. and
Heterobasidion sp. were identified as possible causes of the tree mortality observed.

The objective of this study was to identify the species of Armillaria and Heterobasidion that are involved
in the mountain pine mortality observed in this stand.

MATERIAL AND METHODS

The mountain pine stand is located in the Swiss National Park at 1900 m a.s.l. in the central Alps and was
not managed since the foundation of the Park in 1914. Armillaria sp. and Heterobasidion sp. were isolated from
the roots of recently dead mountain pine trees as described by Dobbertin et al. 2001. Three main roots near the
stem of each tree were assessed for infections by the two pathogens and an attempt was made to isolate a pure
culture from each infected root. In addition, the rooting zone of the trees was searched for Armillaria
rhizomorphs. Pure cultures of Armillaria sp. were obtained from the rhizomorphs as described by Rigling et al.
1998. The Armillaria isolates were first assigned to somatic incompatibility groups (=genets) by pairing isolates
on Shaw and Roth's medium (Harrington et al. 1992). Representative isolates from each genet (at least two
isolates, if available) were then identified to species-level by pairing with haploid tester strains (Korhonen 1978)
and by using a polymerase chain reaction (PCR)-based identification method (Harrington and Wingfield 1995).
To identify species, all PCR products were digested with the restriction enzymes Alul, Hincll (Hindll), and
Mval12691 (Bsml).
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Internal transcribed spacer (ITS)-polymorphism analysis was used to determine intersterility groups of
H. annosum isolates (Karjalainen and Fabritius 1993). The ITS region was PCR-amplified using the primer pair
ITS1/ITS4 and the PCR product was digested with the restriction enzyme Hin6l (Hhal). The resulting digest was
electrophoresed through a 1.5% agarose gel and stained with ethidium bromide. Reference isolates obtained from
Pinus pinaster (putatively P group) and Picea abies (putatively S group) were included in the analysis for
comparison. Direct PCR amplification from living mycelium (Harrington and Wingfield 1995) was performed for
both H. annosum and Armillaria sp.

RESULTS

Three main roots of 61 recently dead trees were examined for root rot. A total of 96% of the root samples
showed visible symptoms of root rot as indicated by wood decay or discoloration. All of the trees had at least one
root with signs of rot. Armillaria sp. were identified on 29 trees and H. annosum on 39 trees, including 11 trees
with both fungi.

A total of 39 isolates of Armillaria sp. were isolated from recently dead mountain pine trees and identified
to species-level (Table 1). Two Armillaria species were found among the isolates. Both identification methods,
PCR-RFLP and pairings with haploid tester strains, gave the same results. About one half of the isolates belonged
to A. borealis and the other half to 4. cepistipes. Both species showed the same incidence in the rotted roots. In
addition, 4. borealis was preferentially isolated from mycelial fans whereas 4. cepistipes from rhizomorphs
collected in the rooting zone of the sample trees.

Table 1. Number of Armillaria isolates from different sources obtained from recently dead
mountain pine trees.

Source of isolates No. of isolates’ A. borealis A. cepistipes
Mycelial fans” 12 10 2
Root rot (decaying wood) 16 8 8
Rhizomorphs 11 2 9
Total 39 20 19

! Isolates were obtained from a total of 28 trees with 19 trees yielding one isolate, seven trees
yielding two isolates, and two trees yielding three isolates (i.e., one isolate from each source).
* Mycelial fans were collected from the stem basis and the roots of the sample trees.

The A. borealis isolates were assigned to two genets and the 4. cepistipes isolates to three genets (Table
2). One large A. borealis genet was identified, which comprised most of the isolates of this species. This genet
was found on 11 sample trees which all showed signs of infections as indicated by the presence of mycelial fans
and/or by the successful isolation of Armillaria from the rotted roots. The majority of the A. cepistipes isolates
also belonged to one large genet (B1), which was isolated from 11 recently dead trees. Seven of these trees were
infected by this genet while four trees had only rhizomorphs in their rooting zones, without signs of an Armillaria
infection. Genet B2 was isolated from three trees, one infected and two showing only rhizomorphs. Although this
genet was only represented by four isolates from three trees, the maximum distance among the isolates was
relatively large. These isolates may represent ramets of a large genet without spatial contiguity of the isolates. The
genet B3 was represented by only one isolate from a single tree. Multiple isolates from different sources or roots
were obtained from nine trees. In all these cases, all the isolates belong to the same genet.

All six trees where Armillaria sp. were only present as rhizomorphs in the soil showed root infections by
H. annosum.
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Table 2. Armillaria genets identified in the study plot.

Armillaria genet No. of No. of No. of trees with No. of isolates = Max distance

trees trees only (m) among
infected rhizomorphs isolates
A. borealis Al 11 11 0 16 98
A. borealis A2 2 2 0 B 15
A. cepistipes Bl 11 7 4 13 125
A. cepistipes B2 3 1 2 B 117
A. cepistipes B3 1 1 0 1 n.a.
Total 28 21 6 39

n.a. = not applicable

H. annosum was identified in the roots of 39 recently dead mountain pine trees. Most of the trees had
more than one root infected by the fungus (Table 2). PCR-based identification was performed with 14 isolates, all
from different trees. All the isolates showed the same restriction pattern as the reference isolate of the P group.
Fig. 1. shows the results of 11 isolates.

Table 3. Incidence of H. annosum in the main roots of recently
dead mountain pine trees.

No. of roots with H.

No. of trees

annosum
0 22
1 11
2 13
3 15
Total trees with H. annosum 39

MS P1

2345678091011 M

500 bp

Figure 1. Agarose gel electrophoresis of H. annosum PCR products amplified by primers ITS1/ITS4 and digested
with the restriction enzyme Hin6l (Hhal). M, 100 bp DNA ladder; S, reference isolate of the S group; P, reference

isolate of the P group; 1-11, H. annosum isolates from mountain pine.
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DISCUSSION AND CONCLUSION

Dobbertin et al. 2001 provided evidence that the high tree mortality observed in a mountain pine stand in
the Swiss National Park was impacted by Armillaria sp. and H. annosum. The spatial and quantitative data of that
study suggested that H. annosum was a more important pathogen than Armillaria sp. The results of the present
study further support this conclusion. The two Armillaria species identified, 4. borealis and A. cepistipes, are
generally considered as saprotrophs or weak secondary pathogen (Guillaumin et al. 1993). 4. ostoyae, the most
pathogenic Armillaria species of conifers (Guillaumin et al. 1993), was not detected in this study. 4. ostoyae has
been reported on mountain pine in the Pyrénées, where it behaves as a primary pathogen (Durrieu et al. 1985).

Two causal agents, 4. cepistipes and A. borealis, of Armillaria root disease of mountain pine were
identified. Both Armillaria species were isolated from mycelial fans and roots of recently dead mountain pines.
These findings indicate that both species act to a certain degree as pathogens in this forest. Nevertheless, A.
borealis appears to behave more pathogenic than A. cepistipes, as indicated by the fact that it was more frequently
isolated from mycelial fans than 4. cepistipes. The latter species, on the other hand, was more frequently isolated
from rhizomorphs collected in the rooting zone of the trees, most of which were infected by H. annosum. With
these rhizomorphs, 4. cepistipes eventually is able to saprophytically colonize the root system of the trees after it
has been killed by H. annosum.

A. cepistipes is the dominating soil-rhizomorph producing Armillaria species in Switzerland, which
frequently occurs in coniferous forests (Rigling et al. 1998). It was found to be common between 600 - 1600 m.
a.s.l. and apparently is rare above this altitude. The mountain pine stand at 1900 m a.s.l. represents one of the
highest habitat reported for 4. cepistipes in Europe. Compared to A. cepistipes, A. borealis is rare in Switzerland
(Rigling et al. 1998). This species has been found at low and moderate altitude in central Europe (Guillaumin et
al. 1993). The present study demonstrates that A. borealis also occurs at high altitude in the Alps. Two genets of
this species were identified. The larger genet most likely expands beyond the border of the study plot and its area
and age remains to be determined.

In contrast to the Armillaria species identified, the P group of H. annosum is known as primary pathogen,
which can attack and kill different species of pine, including mountain pine (Korhonen et al. 1998). Almost two
thirds of the recently dead mountain pine trees were infected by H. annosum. Trees infected by H. annosum were
on average larger and had a larger growing space than trees infected by Armillaria (Dobbertin et al. 2001).
Mortality of mountain pine in this forest also occurs in the natural regeneration. Among ten recently dead trees
examined, nine were infected by H. annosum and only one by Armillaria sp. (data not shown). These results
indicate that H. annosum is acting more as a primary pathogen whereas the two Armillaria species as secondary
pathogens.

Root diseases apparently influence the dynamics of this mountain pine forests. The precise role of the root
diseases in the successional process, however, needs to be determined. By causing significant mortality in
mountain pine, the diseases could favor the establishment of other tree species, like larch and stone pine. On the
other hand, by producing expanding mortality centers (Dobbertin et al. 2001) they could again favor the
regeneration of the pioneer species mountain pine in the developing openings.
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THE INFLUENCE OF PLANT SERIES AND PLANT ASSOCIATION GROUPS
ON THE INCIDENCE AND SEVERITY OF ROOT DISEASES IN SOUTHWEST
OREGON FORESTS

E.M. Goheen, D.J. Goheen, and K. Marshall

USDA Forest Service, Southwest Oregon Forest Insect and Disease Service Center, 2606 Old Stage Road,
Central Point, OR 97502, USA

SUMMARY

Southwest Oregon forests are highly diverse. Forest types encountered include low elevation, dry, oak-
pine woodlands, mixed conifer-evergreen hardwoods, Douglas-fir dominated coastal stands, and high elevation
true fir forests. 327 permanent monitoring plots, originally established to develop climax vegetation classes for
Southwest Oregon, were examined for presence and severity of a wide range of forest insects and pathogens
including Phellinus weirii, Armillaria ostoyae, and Heterobasidion annosum. Root diseases were not detected on
plots in the Oregon White Oak, Ponderosa Pine, Jeffrey Pine, Lodgepole Pine, or Western White Pine Climax
Series. Root diseases were present in the Tanoak (9% of plots examined), Douglas-fir (5%), Port-Orford-Cedar
(42%), Mountain Hemlock (43%) White Fir (47%) Shasta Red Fir (40%) Western Hemlock (40%) and Pacific
Silver Fir (67%) Series. Within Plant Series, incidence of root disease differs among Plant Association Groups.
For example, root diseases were detected in only one of eight Plant Association Groups within the Douglas-fir
Series and five of six Plant Association Groups in the Western hemlock Series. Root disease severity was rated on
each plot using a 0-9 scale. Average severity ratings on plots with root disease (rating > 2) ranged from 2.2 in the
Shasta Red Fir Series to 3.6 in the Pacific Silver Fir Series. Severity differed among Plant Association Groups
within Series. Root disease severity ratings were higher for plots with Armillaria root disease, laminated root rot,
and Port-Orford-cedar root disease than for plots with Annosus root disease or black stain root disease. Results of
this survey indicate that root pathogens are important, are widely distributed, and have substantial impacts in
mature forest stands in Southwest Oregon. Occurrence and impacts differ among Plant Series and Plant
Association Groups. Based on this evaluation, Plant Association Groups in the Port-Orford-cedar, White Fir,
Shasta Red Fir, Pacific Silver Fir, Western Hemlock, and Mountain Hemlock Series have the greatest overall
amounts of root disease in mature stands, probably because of more conducive site and environmental conditions
as well as greater components of susceptible hosts in the stands. Series where root diseases were not present in
mature stands occur at lower elevations on dry sites, on ultramafic soils, and/or have high components of
hardwood species, pines, and incense-cedar which are relatively resistant to the root disease fungi encountered.

Keywords: Phellinus weirii, Armillaria ostoyae, Heterobasidion annosum, Plant Series, Plant Association Groups

INTRODUCTION

Southwest Oregon is very different from other forested areas in the Pacific Northwest and in fact is one of
the ecologically most diverse regions in North America (Atzet and Martin 1991). Unique features that contribute
to this diversity include an extremely varied geologic history, an associated abundance of very different soil types,
a climate that is Mediterranean rather than temperate, a substantial role of fire in forest succession, and occurrence
of important junctures between several north-south and east-west running mountain ranges that has led to
significant migrations of plant and animal species into the region from elsewhere. Southwest Oregon forests
contain 24 species of conifers and 14 hardwood tree species as well as an especially rich array of shrubs and
herbaceous plants, a substantial number of which reach the northern, southern, or western extent of their ranges in
Southwest Oregon or are endemic to the region.
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Forest ecologists in Southwest Oregon classify plant communities based on potential natural vegetation
(Atzet et al. 1996). The potential natural vegetation for a site is the vegetation that would be present under climax
conditions, conditions that would develop without natural or human-caused disturbances. The climate of
Southwest Oregon favors a frequent fire disturbance regime and this coupled with other disturbances, especially
forest management activities by humans, results in the actual occurrences of climax vegetation being quite rare.
Most forest stands have been burned several times or have had some harvesting, are multi-aged, and are in early
or mid successional stages. The oldest trees are commonly less than 300-years-old. For such stands, potential
natural vegetation is inferred using information on existing younger successional vegetation and knowledge of
successional pathways.

The potential vegetation classification system has two levels of which the broader divisions are Plant
Series and the finer divisions are Plant Associations. Series are described by the dominant, most shade-tolerant,
regenerating species on the site. Plant Associations are described primarily by the presence, absence, and relative
abundance of plant species. Environmental variables, including soil, are also used in the classifications and often
reflect the pattern of vegetation. Species presence and abundance result from environmental gradients.
Classification attempts to find plant responses to natural gradients such as slope, slope position, aspect, soil type,
temperature, and moisture. To facilitate meaningful classification at the landscape scale, similar Plant
Associations have been combined into Plant Association Groups.

Plant Series present in Southwest Oregon are the Sitka Spruce (Picea sitchensis), Oregon White Oak
(Quercus garryana), Ponderosa Pine (Pinus ponderosa), Tanoak (Lithocarpus densiflorus), Douglas-fir
(Pseudotsuga menziesii), Western Hemlock (Tsuga heterophylla), Western Redcedar (Thuja plicata), Port-Orford
cedar (Chaemacyparis lawsoniana), Jeffrey Pine (Pinus jeffreyii), White Fir (4bies concolor), Lodgepole Pine
(Pinus contorta), Shasta Red Fir (4bies magnificae var. shastensis), Pacific Silver Fir (4bies amabalis), Western
White Pine (Pinus monticola), and Mountain Hemlock (7suga mertensiana) Series. The Sitka Spruce and
Western Redcedar Series have very limited distributions and were not included in the present evaluation. Each
Series contains one to several Plant Association Groups. The 13 Series investigated in this evaluation contain
among them 42 Plant Association Groups.

When forest ecologists were first developing the potential vegetation system for Southwest Oregon in the
late 1970s and early 1980s, they established 1200 plots in relatively undisturbed, mature stands that they felt best
represented the various Plant Series and Plant Associations. These plots were not located randomly. Rather,
location was dictated by occurrence of stands with the right histories and characteristics for the analysis.
Nevertheless, the plots are quite well distributed across the three Southwest Oregon National Forests. Data from
the Southwest Oregon ecology plots have been widely used in forest planning and management in the region. Not
only has the classification system proven important for ensuring that vegetation management prescriptions are
appropriate to individual sites and landscapes, but data on fire histories, numbers of snags, and amount of down
wood from the ecology plots has been extensively used to develop management policies.

Unfortunately, no data on forest insects or diseases were originally collected in the Southwest Oregon
ecology plots. The purpose of the present evaluation was to revisit a representative sample of the plots and collect
this kind of information. Our objectives were to use plot data to get an idea of distribution of significant forest
insects and pathogens in mature stands in Southwest Oregon, evaluate the magnitude of their impacts in such
stands, and investigate the relationships between Plant Series and Plant Association Groups and the important
forest insects and diseases. This evaluation, along with data from other surveys and large-scale forest inventories,
will help us provide meaningful insect and disease information that is tied directly to the vegetation classification
system used as the basis for silvicultural prescriptions. This paper reports on our results for the five major root
pathogens found in the area: Armillaria ostoyae, cause of Armillaria root disease, Heterobasidion annosum, cause
of Annosus root disease, Phellinus weirii, cause of laminated root rot, Phytophthora lateralis, cause of Port-
Orford-cedar root disease, and Leptographium wageneri, cause of black stain root disease.
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METHODS

We randomly selected 327 of the 1200 ecology plots for insect and disease evaluation. Plots chosen
represented a 20 to 25% sample of all plots in each Plant Series and Plant Association Group. Plots were located
in the field using the original ecologists’ location maps and descriptions.

In each case after the plot center tree was located, we established a 20-basal area factor variable radius
plot that was centered 10 feet to the north. All trees greater than 12.7 cm diameter at breast height in this plot were
recorded by species, diameter, and condition (live, dead, standing, broken, down). All were carefully examined
for signs and symptoms of infection by root pathogens as well as evidence of any other detectable insects or
pathogens. At the same center point, we also established a 0.004 ha circular fixed area plot within which we
recorded the same information for all trees less than 12.7 cm dbh but greater than 15 cm tall. We also established
two 15.3 meter-long down wood transects starting at the plot center and running due north and due east. We
recorded diameter and condition of all down trees and pieces of down wood 7.6 cm in diameter or greater that
were intersected by each transect. Wherever possible, we recorded pathogens or insects that apparently
contributed to the wood being on the ground. Finally, we gave a root disease severity rating to a 0.02 ha circular
area surrounding plot center (Table 1) using the technique developed by Hagle (1985).

Table 1. Root disease severity ratings.

Rating Description
0 No evidence of root disease visible within 15.3 meters of the plot.
1 Root disease present within 15.3 meters of the plot but no evidence of root disease on plot.
2 Minor evidence of root disease on plot, such as a suppressed understory tree killed by root disease or

a minor part of the overstory showing signs of infection. Little or no detectable reduction in canopy
closure or volume.

3 Canopy reduction evident, up to 20%, usually as a result of the death of 1 codominant tree on an
otherwise fully stocked site. In the absence of mortality, numerous trees showing symptoms of root
disease.

4 Canopy reduction 20% to 30% as a result of root disease. Snags and downed trees removed from
canopy by disease as well as live trees showing symptoms of disease contribute to impact.

5 Canopy reduction 30-50% as a result of root disease. At least half of the ground area of plot

considered infested. Plots representing mature stands with half their volume in root disease-tolerant
species usually do not go much above a severity rating of 5 due to the ameliorating effect of the root
disease-tolerant species.
6 50-75% canopy reduction as a result of root disease with most of the ground area considered infested.
7 At least 75% canopy reduction. Plots which reach this severity level usually are occupied by only the
most susceptible species. There are very few of the original overstory trees remaining although
infested ground is often densely stocked with regeneration of susceptible species.

8 The entire plot falls within a definite root disease pocket with only 1 or very few overstory trees of
susceptible species present.
9 The entire plot falls within a definite root disease pocket with no overstory trees of the susceptible

species present.

RESULTS

Twenty-nine percent of all ecology plots sampled had trees affected by root pathogens. Root disease
occurrence differed among Plant Association Groups and Plant Series. Root diseases were not detected on plots in
the Oregon White Oak, Ponderosa Pine, Jeffrey Pine, Lodgepole Pine, or Western White Pine Series. Root
diseases were present in the Tanoak (9% of plots examined), Douglas-fir (5%), Port-Orford-Cedar (42%),
Mountain Hemlock (43%) White Fir (47%) Shasta Red Fir (40%) Western Hemlock (40%) and Pacific Silver Fir
Series (67%). Relatively few plots with root diseases were found in any of the Plant Association Groups in the

42 Ecology and Biodiversity



Douglas-fir and Tanoak Plant Series (Table 2). Relatively large numbers of plots with root disease were found in
many of the Plant Association Groups in the Port-Orford-Cedar, White Fir, Shasta Red Fir, Pacific Silver Fir,
Western Hemlock, and Mountain Hemlock Plant Series (Table 2). On plots where root diseases occurred, root
disease severity ratings ranged from 2 to 9. Overall average root disease severity ratings were lowest for plots in
the Tanoak, Shasta Red Fir and Mountain Hemlock Series, intermediate in the Western Hemlock, Douglas-fir and
White Fir series, and highest in the Pacific Silver Fir and Port-Orford-Cedar Series (Table 3). Root disease
severity ratings were higher for plots with Armillaria root disease, laminated root rot, and Port-Orford-cedar root
disease than for plots with Annosus root disease or black stain root disease.

Table 2. Percentage of plots in each Plant Series with root disease by pathogen.

Series* A. ostoyae P. weirii H. annosum P. lateralis L. wageneri
Lodgepole Pine (7) 0 0 0 0 0
Ponderosa Pine (2) 0 0 0 0 0
Oregon White Oak (4) 0 0 0 0 0
Port-Orford-Cedar (13) 17 0 0 25 0
Douglas-fir (41) 0 2 0 0 2
Tanoak (45) 4 0 0 2 0
Western White Pine (3) 0 0 0 0 0
Western Hemlock (42) 17 10 17 0 0
White Fir (107) 31 5 12 0 0
Shasta Red Fir (15) 27 0 20 0 0
Pacific Silver Fir (15) 41 7 0 0 0
Mountain Hemlock (21) 38 0 10 0 0

*Number in parentheses is the number of plots sampled.

Table 3. Mean root disease severity rating by Plant Series for plots with ratings > 2.

Series Rating*
Port-Orford-Cedar 3.5(2to06)
Douglas-fir 3.0(2to4)
Tanoak 2.7 (210 3)
Western Hemlock 322t 7)
White Fir 33(2t09)
Shasta Red Fir 22 (2to3)
Pacific Silver Fir 3.6 (2to5)
Mountain Hemlock 2.7(2to4)

* Mean with range in parentheses

Among Plant Association Groups that contained hosts susceptible to 4. ostoyae, 52% had trees affected
by the pathogen. Less than 1 to 33% of susceptible host trees in these Plant Association Groups were infected
(average = 5%). Percentage of trees infected by A. ostoyae was higher in the wetter Plant Association Groups than
in the drier ones, and Plant Association Groups in the Pacific Silver Fir and White Fir Series had higher
percentages of trees infected than other Series.

Among Plant Association Groups that contained hosts susceptible to H. annosum, 43% had trees affected
by the pathogen. One to 16% of susceptible host trees in these Plant Association Groups were infected (average =
4.6%). Percentage of trees affected by H. annosum was greater in Plant Association Groups that had stumps or
numerous broken trees than in Plant Association Groups that lacked such infection foci. Some Plant Association
Groups in the Pacific Silver Fir Series had the highest percentages of trees infected. Some Plant Association
Groups in the White Fir and Mountain Hemlock Series also exhibited fairly high numbers of trees infected by H.
annosum but less than with the Pacific Silver Fir Series.

43

Ecology and Biodiversity



Among Plant Association Groups that contained hosts susceptible to P. weirii, 14% had trees affected by
the pathogen. One to 39% of susceptible host trees in these Plant Association Groups were infected (average =
11%). Percentage of trees infected by P. weirii tended to be higher in the dry to mesic Plant Association Groups
than in the wet ones, and Plant Association Groups in the White Fir Series and one in the Douglas-fir Series had
the highest percentages of trees infected by P. weirii.

Among Plant Association Groups that contained hosts susceptible to P. lateralis, 31% had trees affected
by the pathogen. Five to 78% of susceptible host trees in these Plant Association Groups were infected (average =
50%). Percentage of trees infected by P. lateralis was high in Plant Association Groups where plots with hosts
were located in wet areas, and, in addition to Plant Association Groups in the Port-Orford-cedar Series, one in the
Tanoak Series had a high percentage of hosts infected.

Only one Plant Association Group that contained hosts susceptible to L. wageneri had trees affected by
the pathogen. In that Plant Association Group, one in the Douglas-fir Series, 2% of host trees were infected.

DISCUSSION

Results of this survey indicate that root pathogens are important, are widely distributed, and have
substantial impacts in mature forest stands in Southwest Oregon. Occurrence and impacts differ among Plant
Series and Plant Association Groups. Based on this evaluation, Plant Association Groups in the Port-Orford-
Cedar, White Fir, Shasta Red Fir, Pacific Silver Fir, Western Hemlock, and Mountain Hemlock Series have the
greatest overall amounts of root disease in mature stands, probably because of more conducive site and
environmental conditions as well as greater components of susceptible hosts in the stands. Series where root
diseases were not present in mature stands occur at lower elevations on dry sites, on ultramafic soils, and/or have
high components of hardwood species, pines, and incense-cedar which are relatively resistant to the root disease
fungi encountered.

The relatively high overall incidence and large amounts of root diseases found in our evaluation are
especially interesting in view of the way that the ecology plots were originally selected. Plots were specifically
chosen to be free of disturbance or at least “relatively undisturbed.” Areas with evidence of harvesting or recent
fires were avoided as much as possible and forested areas with essentially full canopy cover were preferentially
selected. Areas with openings were discriminated against. Therefore, areas where root pathogens would be
expected to have their greatest impacts were probably never selected for ecology plot locations. This suggests
that, as an overall estimate of root disease in mature Southwest Oregon stands, results from our survey are
conservative, especially for those diseases that cause large amounts of mortality.

A. ostoyae is common throughout western North America on many hosts (Hadfield et al.1986; Hansen
and Lewis 1997). A. ostoyae has been reported to be especially successful on stressed trees (Shaw and Kile 1991)
so its frequency in dense, old stands like many of those encountered in the evaluation was not unexpected.
However, it also is known that 4. ostoyae can be extremely virulent in some cases, especially on true firs where it
frequently affects trees in all vigor classes (Hadfield et al. 1986; Shaw and Kile 1991). Where we are interested in
interpolating our results to all mature Southwest Oregon stands, we likely underestimated the latter kind of impact
for A. ostoyae in the ecology plots.

P. weirii is common in much of western North America north of the California border (Hadfield et al.
1986; Hansen and Lewis 1997; Thies and Sturrock 1995). It can infect many hosts but is most prominent on
Douglas-fir, true firs, and mountain hemlock (Hadfield 1985). Evidence strongly suggests that P. weirii affects
susceptible host species irrespective of vigor (Hansen and Goheen 2000). In fact, it is frequently encountered in
host trees growing on the most productive sites. P. weirii is an especially aggressive pathogen that, where
established, usually causes many hosts to die, often in relatively large infection centers (Hadfield 1985). For all
mature stands, we certainly underestimated occurrence and affects of P. weirii in this evaluation because openings
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of the type it often creates were not sampled. This was especially true in stands containing some hosts such as
mountain hemlock.

At least two strains of H. annosum are common in much of western North America on a number of hosts
(Hadfield et al. 1986; Hansen and Lewis 1997). In Southwest Oregon only the S-type of H. annosum that affects
true firs and hemlocks is encountered. H. annosum spreads long distances via windborne spores that infect freshly
cut host stump surfaces and newly created wounds on hosts. Infection centers develop around infected stumps or
wounded trees as the pathogen grows across root contacts into surrounding host trees. Because of its relationship
with stumps and wounds, build-up of H. annosum is often strongly associated with forest management activities
or other disturbances that injure trees (Otrosina and Scharpf 1989). The quite high level of H. annosum that we
encountered in the Southwest Oregon ecology plots was a surprise to us given the relatively undisturbed character
of the plots. However, it can probably be explained. There were one or a few stumps in or near a number of the
plots. Even in forest stands that are very hard to access, it is difficult to find any substantial areas in Southwest
Oregon where at least a few trees were not harvested in salvage operations in the past. Also, some amount of
wounding caused by falling trees occurred in many plots. It appears evident that in Southwest Oregon, H.
annosum centers do not require large numbers of stumps or wounded trees to become established. Even a single
stump or wound must often be sufficient.

P. lateralis is an exotic pathogen that was introduced into the rather small natural range of Port-Orford-
Cedar in the 1950s (Hadfield et al. 1986; Hansen and Lewis 1997). It requires very moist conditions around host
roots for infection to occur and is mostly active where hosts are growing in or near streams, drainages, or flooded
areas. When hosts occur in such suitable sites, P. [ateralis is extremely virulent and kills trees very rapidly
(Hansen et al. 2000). In our evaluation, P. lateralis was common and had high impacts on most ecology plots that
contained hosts and were on suitably moist sites. Even though original plot selection may have discriminated
against locations with Port-Orford-Cedar root disease, the rapid spread of P. lateralis in water, the very low
amount of resistance to the exotic pathogen in host populations, and the rapidity with which infected hosts die
probably allowed us to get a reasonable reading on the distribution and impacts of P. lateralis relative to
distribution and impacts for all mature Southwest Oregon stands. The pathogen undoubtedly became established
and killed many host trees on sampled sites where Port-Orford-Cedars appeared to be healthy when the ecology
plots were originally established 20 to 25 years ago.

L. wageneri occurs at a number of locations throughout western North America (Hadfield et al. 1986;
Hansen and Lewis 1997). The fungus has three strains with rather exacting host requirements (Harrington and
Cobb 1988). The strain that infects Douglas-fir, L. wageneri var pseudotsuga, is most common in young Douglas-
fir plantations in northern California and Southwest Oregon. It usually becomes established in areas where hosts
are under stress, develops rapidly in the early years of stand development, and has very little impact in stands that
are 30 years old or older (Hessburg et al. 1995). We were quite surprised to find L. wageneri in any of the mature
stands investigated in the ecology plots, but believe that the very low occurrence and impacts found in the
evaluation would be typical for mature stands throughout Southwest Oregon.
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BIODIVERSITY IN MONOCULTURES: THE SITKA SPRUCE STUMP

S. Woodward
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SUMMARY

Concepts of biodiversity tend to focus on the macro-environment and highly visible plants, animals, and
habitats. This view, however, is incomplete as it does not include the high numbers of micro-organisms present in
all ecosystems. Where fungi currently are included in estimates of diversity, data frequently depend on the
identification of fruiting bodies, which ignores the microfungi component. Traditional plantation management
practices have been criticised by environmental groups for promoting monocultures which appear to be species
deficient and discourage biodiversity in the generally accepted sense. This paper describes the total microbial
biodiversity found in forest monocultures centred on Sitka spruce plantations in the UK. Stumps of certain ages
may contain high numbers of fungal species, particularly mitosporic fungi and hymenomycetes. Ascomycota,
Oomycota and Zygomycota are present in relatively small numbers. Bacteria are abundant, although current
estimates are undoubtedly low, relying entirely on the enumeration of culturable organisms. Decay-causing
hymenomycetes usually dominate in stumps of 12 months in age and older, but are frequently found in
association with bacteria which may have positive and negative influences on the progress of decay.

Diversity of decay fungi and stump/wood colonising bacteria in more natural forests growing in similar
environmental zones is unlikely to be significantly different. It is proposed that different groups of micro-
organisms occupying spruce stumps contribute greatly to the biodiversity found in managed plantations and
should be included in such assessments.

Keywords: Sitka spruce, thinning stumps, microbial diversity, fungi, bacteria

INTRODUCTION

Recent international agreements made in Helsinki, Rio and Kyoto, obligate signatory countries to manage
forests in a sustainable manner to optimise biodiversity. Forest certification and local action plans have added to
the pressure on forest managers to increase the diversity of forests under their jurisdiction. In order to demonstrate
any changes in diversity resulting from the adoption of more benign management practices it is necessary to
gather baseline data on the levels of diversity present in forests under different forms of management. Diversity,
however, is extremely difficult to estimate with any degree of accuracy, and in many situations, ‘indicators of
diversity’, such as the amounts of deadwood present, vertical stand structure, or the co-occurrence of particular
species (e.g. Landres et al. 1988; Ferris and Humphrey 1999) are used. Such methods have relied heavily on
estimates of numbers of larger organisms: invertebrates, birds, bryophytes and vascular plants. Where micro-
organisms are included, for example the fungi, quantitative estimates are often based on records of fruit bodies,
most of which are ephemeral (e.g. Sippola and Renvall 1999). Fungi with indistinct or microscopic thalli and
fruiting structures, are not usually considered. Moreover, prokaryotes have rarely been included (cf. Torsvik et al.
1990; Amann and Luwig 2000), possibly because of the scarcity of relevant expertise and the effort required to
gain a true picture of the number and species of bacteria present in a given niche (Rosell6-Mora and Amann
2001). As prokaryotes are numerically, and probably in terms of species also, the most abundant organisms
present in any given niche, their exclusion from the process threatens the validity of many claims made for
estimates of diversity in different ecosystems.
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After the First World War, UK forest policy aimed to develop a strategic timber reserve in as short a time
as possible, and in the early-mid 20th Century, large areas of the uplands were planted with exotic species,
principally Sitka spruce (Picea sitchensis) and lodgepole pine (Pinus contorta). The value of these introduced
species for biodiversity is controversial. Some reports have suggested that plantations reduce the diversity of
areas, compared with the habitats the forests replace (Ratcliffe and Thompson 1989), although other studies have
given more positive outlooks on the benefits of plantation forestry for wildlife (Petty et al. 1995; Humphrey et al.
in press). It has become clear, however, that diversity based on estimates of larger organisms can be high in
plantations of exotic species, particularly in mature/over-mature stand types (Humphrey et al. in press).

The amount of standing and fallen deadwood present in a forest area is indicative of the level of human
disturbance (Hansson 1992) and is used as an indicator of diversity, as these niches can support wide varieties of
organisms (see Sippola and Renvall 1999). Deadwood may sequester a large proportion of the carbon fixed from
the atmosphere (Krankina and Harmon 1995). Stumps left in thinning and clear-felling operations are abundant in
managed forests and have some potential to mirror the role of deadwood in unmanaged forests. Stumps have
received little attention in biodiversity studies, although much work on Heterobasidion infections has focused on
this niche as the site of primary infection (Redfern and Stenlid 1998). This paper describes the diversity of fungi
and culturable bacteria occurring in stumps of Sitka spruce of increasing age in upland plantations in Scotland.
The significance of stump micro-organisms in the biodiversity of the Sitka spruce plantation is discussed.

MATERIALS AND METHODS

Sites: Fungi and bacteria were isolated from a range of Sitka spruce (Picea sitchensis) plantations in North-East
Scotland. All plantations were growing on mineral soils. For fungal work, stumps were produced by felling to
waste; surfaces were not treated with urea. Sampling was carried out at 0, 7 and 28 days, 12, 16, 48 and 53
months after felling. Four 30 mm thick serial discs were removed from each stump, placed in clean plastic bags
and returned to the laboratory for isolation work. Bacteria were isolated from different points in single 100 mm
thick discs taken from stumps cut 1-10 years before sampling.

Isolation and Identification of Fungi: Stump discs were processed as described by Morrison & Redfern (1994),
wrapped individually in newspaper and incubated in clean plastic dustbins outdoors at ambient temperatures.
During the first 4 days of incubation, discs were removed temporarily to extract cores. After 7-10 days incubation,
the discs were examined under a dissecting microscope and any fruiting structures, mycelium or staining noted.

Fungal culture: Cores were extracted from discs using a 5 mm diam. increment borer, taking three
equidistant cores from both the heartwood and sapwood. The outer layers of the cores were removed, and two 5
mm’ chips from the centre of each core transferred to Petri dishes containing one of the following media: 2% malt
extract agar, 2% malt extract antibiotic agar (containing 50 mg.I" penicillin-G, 100 mg.I" streptomycin sulphate
and 50 mg.1"' chloramphenicol) , or Kuhlman and Hendrix selective medium (Kuhlman and Hendrix, 1962). Petri
dishes were sealed with Nescofilm and incubated in the dark at 20+2°C for 1-12 weeks, with observations made at
7-day intervals. Any fungal growth emerging from wood chips was sub-cultured to fresh 2% malt extract agar.

Identification of fungi: Characteristic fungal structures visible under the dissecting microscope, including
conidiophores and cords, were noted on disc surfaces. Cultured fungi were identified from microscopic
characteristics (Ainsworth et al. 1973 a,b; Ellis 1971; 1976; Ellis and Ellis 1985; Stalpers 1978).

Isolation of Bacteria: Methods used in the isolation and characterisation of bacteria are detailed elsewhere

(Murray and Woodward this volume). For enumeration, wood tissues (3 cm’) were removed aseptically from

various positions in the stump discs, placed in 10 ml sterile saline solution (0.9% NaCl) and dilution plated (0.1

ml aliquots) onto Reasoner and Geldreich (1985) R2A medium, supplemented with 50 mg.l" cycloheximide.

gultures were incubated at 20+2°C and numbers of colony-forming units (CFU) estimated at 24 h intervals over 7
ays.
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Estimation of bacterial diversity: Types of bacteria were crudely estimated on Petri dish cultures showing
suitable separation of CFUs on the basis of colony shape, surface characteristics, size, consistency, colour and
opacity. Diversity was estimated using the Shannon-Weaver index (Shannon and Weaver 1949) and, for
comparison, Simpson’s diversity index (Simpson 1949)

Statistical analysis: Linear regression analysis and x” test were used to determine the significance of correlations
between numbers of micro-organisms isolated and time following felling, or depth within the stump.

RESULTS

Fungal diversity: Total numbers of fungi found in different phyla are shown in Figure 1. Mitosporic species were
the most abundant fungi overall. Few Ascomycota were identified, although assuming that most species classified
as yeasts and mitosporic species were Ascomycota, then this phylum clearly was the most abundant over the 4.5
years of stump age studied. Numbers of Basidiomycota species increased significantly with time (P>0.05);
species in other phyla showed no significant changes with increasing stump age.

Most fungi isolated were identified at least to genus level (Table 1). Many Ascomycota and mitosporic fungi
were found at only one sampling time. Heterobasidion annosum was the first hymenomycete found, initially
isolated from stumps 7 days after cutting. Bjerkandera adusta and Melanotus proteus were established in stumps
within 28 days, and other hymenomycetes colonised between this time and 16 months after cutting.
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Figure 1. Total numbers of fungi in different phyla isolated from Sitka spruce stumps over 53 months from
felling. Numbers of yeast-like organisms and sterile mycelia are presented as separate groups.

Table 1. Times of isolation of identified fungi from stumps of Sitka spruce.

Period of isolation
Isolate 0 7 days 28 days 12 months 16 months 48/53 months
identification
Basidiomycota
Bjerkandera adusta
Gleophyllum spp.
Heterobasidion
annosum
Melanotus proteus
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Period of isolation
Isolate 0 7 days 28 days 12 months 16 months 48/53 months
identification
Peniophora pithya
Polyporus abietinus
Resinicium bicolor
Sistotrema
brinkmannii
Stereum sp.
Ascomycota
Ascocoryne sp.
Nectria fuckeliana
Nectria inventa ——
Mariannaea elegans ———
Ophiostoma piceae
Pseudoeurotium
zonatum
Mitosporic fungi
Acremonium butyri
Arthroderma sp.
Aspergillus sp.
Botrytis cinerea
Cephalosporium (2
sp.)
Cladosporium (4
spp-)
Cryptosporiopsis sp.
Cylindrocarpon sp.
Dictyopolyschema
pirozynskii
Epicoccum sp.
Graphium sp.
Leptographium
lunderbergii
Paecilomyces
elegans
Paecilomyces
farinosus
Penicillium (3 spp.)
Phoma (2 spp.)
Trichoderma (3 spp.)
Truncatella sp.
Ulocladium
chartarium
Verticillium
chlamydosporium
Verticillium lecanii
Verticillium
nigrescens
Verticillium nubilum

Bacterial diversity: Bacteria were most abundant in the surface layers of stumps (15 mm) than deeper, although
numbers found deeper within stumps gradually increased with stump age (Fig. 2). Numbers of CFUs isolated
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within stumps significantly reduced (P>0.001) with stump age after year 3 (Fig. 3), irrespective of the position of
isolation.

The Shannon-Weaver index indicated that diversity differed significantly between samples taken from
nearest the stump surface and those taken from deeper in the stumps (2-sample t-tests; p<0.01). No si gnificant
difference was found in these samples using Simpson’s index. Changes in bacterial diversity measured using the
Shannon-Weaver index differed significantly with stump age, showing a quadratic relationship (r* = 0.0519;
p<0.05; Fig. 4).

100000

75000}

CFUs 50000

25000

/" Outer sapw ood
Inner sapw ood

o Position

55

Distance from surface
(cm)

Figure 2. Enumeration of colony-forming bacteria at different sampling positions in Sitka spruce stumps.
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Figure 3. Numbers of colony-forming bacteria (+SEM) found in outer sapwood samples of Sitka spruce stumps.
Samples were taken from 15 mm and 35 mm depth below the stump surface. Similar temporal patterns were
found for other stump sampling positions.

DISCUSSION

The conifer stump is a complex environment, and numerous microbial interactions occur as the plant
tissues die and begin to decay. The results described here demonstrate the high numbers of fungi and culturable
bacteria which are present in the niche. It is known that enumeration of bacteria using CFUs as the measure is
subject to inaccuracies; recent estimates have suggested that colony counting may under-estimate numbers present
by a factor of between 4 and 6 orders of magnitude in oligotrophic systems (Amann and Ludwig 2000). Conifer
stumps, with low nutrient availability, may also encourage the development of non-culturable prokaryotes, and
the future application of rRNA probes to this niche will increase our understanding of the diversity present.
Despite these reservations, the numbers of bacteria present in stumps of up to 2 years in age were clearly
extremely high, and the diversity experiments suggest that these organisms make a large contribution to the
numbers of species present in this niche.

Ecology and Biodiversity 51



Diversity of the hymenomycetes increased with stump age over the time observed in these studies; fungi in
other phyla, however, showed no pattern of establishment. With the bacteria also, changes in apparent diversity
estimated using the Shannon-Weaver index were not clear: the quadratic correlation was weak.
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Figure 4. Mean bacterial diversity in Sitka spruce stumps up to 10 years old (+SEM) using Shannon—Weavczr
diversity index (H). A significant quadratic relationship was found between diversity and stump data (y=0.015x"-
0.191x+1.490; +*=0.0519).

Many species of Ascomycota and mitosporic fungi were found at one sampling time only. Species of
common moulds, in genera such as Aspergillus, Cladosporium and Penicillium probably occur by chance,
utilising free sugars which become available in the upper tissues of the stump. Some of the fungi obtained may
also have arisen from spores present in the stump, which germinated on the sugar-rich media used in the culturing
process.

No attempt was made to distinguish species of bacteria present in the stumps; diversity indices were
calculated based on clearly defined differences in colony morphology. Further distinctions between isolates were
made using enzyme activities (Murray and Woodward, this volume), and it was clear that a large number of
variants were present within the community of culturable bacteria. Many of the CFUs obtained were able to
inhibit the growth of H. annosum (Murray and Woodward, this volume) and other decay fungi (Murray 1998) and
are likely to influence the succession of micro-organisms occurring in spruce stumps.

The data obtained in this work describe the early stages of stump decay, particularly for the fungi, under
conditions present in north-east Scotland. Numbers of species may increase further with time, although as decay
fungi become more dominant, they could exclude many other species. The production of antimicrobial
metabolites by these fungi (cf Woodward et al. 1993) will have a marked influence the abilities of different fungi
or bacteria to establish in the niche in competition with the dominant species. The drop in numbers of bacteria
recovered from stumps of greater than 3 years old may reflect the capture of large domains by individual genets of
antibiotic-producing hymenomycetes (Woods 1996).

Greater microbial diversity may be detected in a niche using molecular methods, such as direct PCR
amplification of ITS regions in extracted DNA, and RFLP analysis or sequencing of the products (Johannesson
and Stenlid 1999; Amann and Ludwig 2000). Attempts to use molecular methods to determine the composition of
fungal communities in dead wood of Norway spruce were hampered by the inefficiency of standard DNA
extraction methods when applied to woody substrates (Johannesson and Stenlid 1999; Vaino and Hantula 2000).
With further refinement, it will be possible to enumerate fungi more accurately in the stump, allowing rapid
analysis of species composition and populations.

The results presented here demonstrate the high degree of microbial diversity present in stumps of Sitka
spruce growing in Scottish plantations. Clearly, if these data are added to those already known for biodiversity in
this ecosystem (Humphrey et al. in press), then the true contribution of such plantations to diversity can be better
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appreciated. Further work is required to determine the full bacterial diversity present in stumps, and to compare
microbial diversity in other Scottish forest ecosystems, such as the semi-natural Scots pine forests and the mixed
conifer-broadleaf forests found in the locality.
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BACTERIAL DIVERSITY IN SITKA SPRUCE STUMPS AND THEIR INTERACTIONS WITH
DECAY-CAUSING FUNGI

A.C. Murray and S. Woodward

Department of Agriculture and Forestry, University of Aberdeen, MacRobert Building, 581 King Street,
Aberdeen AB24 S5UA, Scotland, UK

SUMMARY

Changes in the bacterial community of Sitka spruce stumps between 1 and 10 years old were investigated
by isolating from seven positions within the top 55 mm of the stumps, and in vitro interactions between isolates
and Heterobasidion annosum determined. Distribution of colony-forming units (cfu’s) in stumps was affected by
both stump age and sampling position. Grouping of cfu’s on the basis of 13 phenotypic characteristics, including
colony form and colour, Gram stain, heat tolerance, siderophore production and production of various degradation
enzymes, identified four groups of bacteria, the proportions of which varied with stump age. Bacterial diversity
was higher nearer the stump surface than deeper inside the stump.

Interactions between bacterial isolates and H. annosum on agar-based substrates varied depending on the
medium used. In spruce wood blocks, the relative timing of bacteria and fungal inoculation had a significant
effect on the outcome of the interactions. Co-inoculation of bacteria and H. annosum significantly reduced the rate
of degradation relative to controls, whereas introducing the bacteria 10 days prior to the fungus generally reduced
the degradation rate.

The results are discussed in terms of the possible influence of prokaryotic organisms on the development
of decay communities in Sitka spruce stumps.

Keywords: Sitka spruce, bacteria, diversity, Heterobasidion annosum, interactions

INTRODUCTION

Studies of microbial succession in conifer stumps have focused on mycelial fungi, although large
numbers of yeasts and bacteria are frequently reported in these communities (Kallio 1974; Hallaksela 1977). The
role of prokaryotic organisms in decay community development in stumps, however, has received little attention
(Aho et al. 1974; Hallaksela 1984), probably due to difficulties in working with bacteria. These organisms are
abundant in spruce stumps (Hallaksela 1977; Murray 1998) and undoubtedly influence the succession of
organisms occurring, which eventually leads to dominance by hymenomycetes, such as Heterobasidion spp.
(Holdenrieder and Greig 1998). Changes in bacterial populations have been noted during development of decay
communities in both wounded living conifer trees (Kallio 1974; Hallaksela 1984) and stumps (Hallaksela 1977;
Murray 1998; Woodward in press), and it has been suggested that prokaryotes may have a fundamental role in the
initial development of microbial communities in woody substrates (Shortle et al. 1978; Hallaksela and Salkinoja-
Salonen 1992).

This paper describes the diversity of bacterial populations found in stumps of Sitka spruce 1 to 10 years
after cutting, and the interactions between selected baterial isolates and Heterobasidion annosum.
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MATERIALS AND METHODS

Stump material: Bacteria were isolated from thinning stumps produced in routine forest management
operations in several mature upland Sitka spruce (Picea sitchensis) plantations (planted 1932 - 1967) located
within 70 km of Aberdeen. Sites selected had clear records for thinning carried out over a 10 year period. At each
site, bacteria were isolated from five randomly selected thinning stumps of 1 - 10 years in age since felling. The
stump surface was brushed clean, loose bark removed and the top 100 mm removed with a chain saw. A 75 mm
wide section of the disc was removed and transported in a clean plastic bag. Sections were stored at 5°C within 2
h of cutting.

Isolation of Bacteria: Wood tissues (3 cm’) were removed aseptically from various positions in the discs
using a 10 mm diam. drill bit to a depth of 40 mm. Samples were vortex mixed in 10 ml sterile saline solution
(0.9% NaCl) and bacteria enumerated by plating 0.1 ml aliquots of a 10* dilution onto R2A medium (Reasoner
and Geldreich 1985), containing 50 mg.l"' cycloheximide. Cultures were incubated at 20+2°C and colony-forming
units (CFU) sub-cultured as required.

Characterisation of bacteria: Four hundred and seventy isolates were characterised on the basis of colony
morphology, Gram stain reaction, formation of endospores at 80°C, and the production of enzymes and
siderophores (Schwyn and Neilands 1987). Colonies on R2A medium were classified into one of 10 colour
categories (white, off-white, cream, pale yellow, orange/brown, pale pink, pink, purple and grey/green). Colony
shape and size (very small < 1mm; small 1-2 mm; medium 3-5 mm; large > 5 mm) were determined using well-
separated 7 days old colonies. Degradative abilities tested were cellulase (Barlows 1992), ‘ligninase’ (Gold et al.
1988), amylase, pectinase and chitinase (Page et al. 1982). Catalase activity was tested using 3% H,0, and
observing for evolution of O, bubbles. Oxidase (as cytochrome C) was detected using Kovacs’ reagent.

Based on the different characteristics determined, CFUs were clustered using the Euclidean distance
measure and the group average linking method. Gram positive and Gram negative CFUs were analysed
separately. Groups were identified from clusters when 75% of the information remained.

Interactions between bacteria and Heterobasidion annosum

Interactions on Agar-based media: Petri dish cultures of H. annosum were prepared on both sporulation
agar (SA) and yeast-peptone-dextrose agar (YDPA; Benko and Highley 1992), co-inoculated with a bacterial
isolate (100 tested in total) from stumps of 3, 4, 6 and 10 years old, and incubated in the dark at 20+2°C.

Interactions in Liquid Culture: Fifteen bacteria inhibiting H. annosum growth on SA were sub-cultured to
15 ml R2A broth and incubated in the dark at 20+2°C for 72 hr. Following mixing, 5 ml of broth was transferred
to a 50 ml jar containing 15 ml Norkrans’ liquid medium (NLM: Norkrans 1963). Jars were inoculated with
actively growing H. annosum mycelium on 2% malt extract agar, sealed and incubated at 20+2°C for 21 days.
Cultures were filtered through 2 layers of muslin cloth, washed with 50 ml distilled water and dried to constant
weight at 105°C.

Interactions in P. sitchensis Wood Cubes: Cubes (20 mm’) cut from green P. sitchensis timber, were
weighed, placed in a 50 ml glass jar and 3 ml tap water added. Jars were sealed and autoclaved at 105 kPa for 1
hr. Ten wood cubes were re-weighed, dried at 105°C to constant weight and re-weighed to obtain an initial dry
weight.

Fifteen bacterial isolates showing antagonism against H. annosum on SA were sub-cultured into 15 ml
R2A broth. H. annosum was sub-cultured from MEA to 15 ml NLM, incubated at 25+2°C for 10 days and
cultures fragmented using a sterile Ultra Turrax homogeniser set at half-speed.

_ Autoclaved wood cubes were inoculated with bacteria and fungi simultaneously, or 10 days apart, in all
possible combinations, by placing 1 ml of each culture onto the wood. Controls cubes were not inoculated, or

56 Ecology and Biodiversity



inoculated with bacteria or with H. annosum only. Jars were sealed using Parafilm M and incubated at 20+2°C for
140 days after inoculation with H. annosum. Wood cubes were then removed from the jars, rinsed in distilled
water and dried to constant weight at 105°C. Percentage weight loss due to fungal or bacterial activity was
calculated.

Statistical Analysis: Results were analysed using the student’s t-test, analysis of variance (ANOVA),
Duncan’s multiple range test and the % test.

RESULTS

Bacterial isolations from stumps

Types of bacteria, based on characteristics: Proportions of CFUs able to hydrolyse cellulose increased
significantly (P<0.05) with stump age (Fig. 1a), but no such relationship was found with pectin or starch. No
bacteria were able to decolorised Remazol Brilliant blue R. Siderophore production was inversely correlated with
stump age (Fig. 1b). The proportion of CFUs with chitinase activity increased significantly with stump age
(P<0.05), although numbers with this activity were low.
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Figure 1. Percentage of bacteria isolated from Sitka spruce stumps of increasing age able to (a) hydrolyse
cellulose (as carboxymethylcellulose) or (b) produce siderophores. There was a significant (P<0.05) linear
relationship, y=1.636x+30.933 (r’=0.527), between increasing stump age and proportion of bacteria able to
degrade CMC and a significant (P<0.05) inverse linear relationship, y=1.818x+38.933 (r’=0.515), between
increasing stump age and proportion of bacteria producing siderophores.

Euclidean distance measure and the group average linking method identified 3 distinct groups within the
Gram negative and 1 group in the Gram positive bacteria. Each group contained at least 5% of the total number of
isolates tested. These ‘groups’ different in abundance with stump age (Fig. 2). Chi-squared tests found significant
differences in the frequency of isolation of Group A bacteria (p<0.01), Group B (p<0.05) and Group C (p<0.01)
in different stump age groups; Group D bacteria, however, were isolated in similar numbers from all stump ages.
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Figure 2. Proportions of bacteria in Groups A, B, C and D found in Sitka spruce stumps of increasing age.

Interactions between bacteria and Heterobasidion annosum

Interactions in and liquid agar media: Thirty percent of bacteria tested were found to inhibit growth of H.
annosum on SA and on YDPA, although only 10% of isolates caused inhibition on both media. There was no
significant correlation between the ability of bacterial isolates to inhibit growth of A. annosum on SA or YDPA
(sz =(.226). In addition, 3% of isolates promoted growth of H. annosum on YDPA.

There was no correlation between proportions of bacteria inhibiting H. annosum on SA and age of the
stumps from which the bacteria were isolated (sz = 0.952). In contrast, inhibition on YDPA was significantly
correlated with stump age (P<0.001; y’5; = 24.571). More inhibitory isolates were found in 3 and 10 year old than
in 4 or 6 year old stumps.

Twelve bacteria causing inhibition of H. annosum on SA also had a significant inhibitory effect in NLM.

Interactions in Wood Cubes: Inoculation of wood cubes with bacteria alone caused no significant weight
loss over 140 days (P>0.05; Fig. 3). H. annosum alone caused a 2.04% weight loss from cubes, a significant
change (t-test; P<0.05) compared with controls. Inoculation of wood cubes with bacteria 10 days after inoculation
with H. annosum resulted in a significant increase (P<0.001) in weight loss compared to inoculation with H.
annosum alone. In contrast, weight loss was significantly lower (P<0.05) in cubes simultaneously inoculated with
bacteria and H. annosum, in comparison with H. annosum controls. In wood cubes inoculated with bacteria 10
days before with H. annosum, no significant weight loss (P>0.05) occurred compared with cubes inoculated with
H. annosum alone.

DISCUSSION

This work indicates the potential importance of bacteria in microbial community development in Sitka
spruce stumps. Enumeration suggested that bacteria are present in large numbers during the first two years in the
upper layers of the stump (Murray 1998; Woodward in press), and that the culturable population decreases
markedly after this time, possibly due to the establishment of, and antibiotic production by, hymenomycete decay
fungi in the substrate by this time.
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The abilities of the bacteria to degrade different substrates did not correlate strongly with stump age.
Lignolytic activity, based on the use of the lignin-like substrate Remazol brilliant blue R, was absent in the
isolates tested, although certain bacteria are capable of degrading this substrate (Singh and Butcher 1991).
Numbers of isolates with cellulase activity, however, did increase with stump age, and was also correlated with
wood moisture content (Murray 1998). Whether this pattern resulted from selection for cellulolytic bacteria under
higher moisture conditions, or the higher moisture conditions followed the degradation of cellulose was not
determined. Pectinase activity was detected in 3.2% of bacterial isolates from the stumps, although the specific
substrate present can be of great importance in inducing this group of enzymes (Dunleavy et al. 1973).
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Figure 3. Weight loss of Sitka spruce wood cubes 140 days after inoculation with Heterobasidion annosum in
combination with 15 bacterial isolates showing inhibition of H. annosum on SA. Blocks were inoculated with (a)
H. annosum followed 10 days later by bacteria; (b) H. annosum and bacteria simultaneously; (c) bacteria followed
10 days later by H. annosum; (d) bacteria alone. Bars for controls (no inoculation) and H. annosum inoculation
alone (Ha) are included on each graph. Values represent means of three replicates = SEM.

Amylase production may also be important for stump bacteria as starch is the major storage
polysaccharide found in wood parenchyma cells (Zabel and Morrel 1992). Approximately 8% of bacteria isolated
from stumps were amylase positive, and proportions varied with stump age, with high numbers in stumps of 1 and
9 years old. Chitin hydrolysis has a role in the biological control of fungi by bacteria, acting on the fungal cell
wall (Whipps 1997). A significant positive correlation was found between the proportion of stump bacteria with
chitinase activity and stump age, but the actual numbers of individual isolates found to produce chitinase, 2.1% in

total, was small.

Under the inducing conditions found in the stump, very different from those in axenic cultures, the
production of requisite degradative enzymes may occur. However, it is likely that the use of specific substrates as
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sole carbon sources in in vitro tests will induce the production of the enzymes required to degrade that substrate,
if the organism is competent.

Siderophores were produced by 29.3% of bacteria tested, but decreased in bacteria from older stumps.
There were also significant correlations with position in the stump, and with heartwood vs sapwood isolates
(Murray 1998). Production of chelating agents by bacteria commonly occurs under iron deficient conditions, and
has been implicated in competition between bacteria and fine root pathogens (Whipps 1997). In contrast,
germination and growth of some fungi, including H. annosum, can be markedly enhanced in the presence of
siderophores (Blakeman 1982). The chelating ability of bacteria found in young stumps may reflect a requirement
to sequester nutrients present in low concentrations at this early stage in the degradation process.

Four groups of bacteria were identified using cluster analysis based on 13 characteristics. This method
was suitable for a general discrimination between the bacteria, and population changes in the stumps. Greater
numbers of characteristics are required to give accurate taxonomic discrimination (Goor et al. 1990). Proportions
of the three groups of Gram negative bacteria varied significantly with stump age, whereas the proportions of the
single group of Gram positive isolates remained similar in all stump ages. Few studies have been published on
bacterial successions in decaying woody debris in the forest.

An appreciation of the numerous interactions that occur between microbial populations in a natural
community is essential to an understanding of the functioning of that community (McIlnerney 1986; Rayner and
Boddy 1988). Although there are difficulties inherent in predicting in vivo interactions based on in vitro assays,
such tests provide rapid, simple and inexpensive methods for screening interactions between micro-organisms.
There is a tendency for in vitro tests to favour species producing of siderophores or antifungal metabolites
(Nicolotti and Varese 1996; Dumas 1992). Variations in the proportions of bacteria inhibiting H. annosum with
medium used to test the interaction clearly illustrate the difficulties in finding suitable media for in vitro studies to
mimic natural environments.

Liquid media enable immediate and intimate contact between interacting micro-organisms, and differing
responses were found with the 15 bacteria which inhibited H. annosum on SA, when tested in NLM. Greater
access to available nutrients from throughout the medium may increase the importance of competition as a
mechanism of antagonism in this environment. Three isolates active against H. annosum in SA had little effect on
the fungus in NLM, however, possibly resulting from their relative abilities to compete with H. annosum in an
environment where diffusion of metabolites is relatively easy compared with solidified substrates (Begon et al.
1990). In such a situation, the species with the greater initial inoculum size may inhibit the growth of the
competitor.

Weight loss in wood cubes inoculated with H. annosum was only 2% over the 140 days of incubation,
and the effects of co-inoculation with bacteria varied, particularly in relation to the relative timings of the fungal
and bacterial inoculations. Similar effects have been noted previously (Hulme and Shields 1972). However, both
Henningsson (1967) and Greaves (1970) found bacteria inhibited decay when inoculated into wood between 2 and
21 days before inoculation with fungi. No attempt was made in the current work to re-isolate the bacteria from the
wood cubes after incubation, and the lack of any inhibitory effect may have resulted from a failure of the bacteria
to establish. Inoculation with bacteria 10 days after H. annosum, however, resulted in weight losses over 200%
greater than in control cubes. Similar enhancement of decay has been reported previously in tests using bacteria
and wood decay fungi (Henningsson 1967; Blanchette and Shaw 1978), and may result in part from an increased
availability of certain nutrients produced by the bacteria. Many decay fungi require thiamine and biotin in the
external environment, and bacteria may provide these vitamins (Alexander 1977). Fungal cellulase activity also
may be enhanced in the presence of bacteria, as the prokaryotes utilise carbohydrate breakdown products which
could repress enzyme production (Henningsson 1967; Greaves 1970; Shortle et al. 1978).

Given the recent reports citing the detection using molecular methods of high numbers of species of
uqculturable prokaryotic organisms in many environments (Amann and Luwig 2000), it is likely that tree stumps
will also contain far more bacteria than recorded in the work described here. It is also probable that the
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unculturable prokaryotes present within the niche alter their immediate micro-environment through the production
of enzymes and different secondary metabolites. The results presented here and elsewhere in this volume
(Woodward in press), however, emphasize the potential for bacteria to exert considerable influence on the
development of the decay community in spruce stumps.
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SWISS-STONE PINE TREES AND SPRUCE STUMPS MAY REPRESENT THE PRIMARY HABITAT
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SUMMARY

In the Western Italian Alps, all three species of the forest pathogen Heterobasidion annosum coll. are
present, and may even coexist in the same stand. While the presence of H. parviporum and H. abietinum can be
easily correlated to the presence of their respective primary hosts, spruce and fir, the host/niche occupied by H.
annosum sensu stricto (s.s.) still remains unclear. Although Scots pine, a major host for this fungal species in
other parts of Europe, is abundant in the region, little or no evidence of disease caused by H. annosum is visible in
this tree species. An analysis of H. annosum coll. species was performed in two natural mixed conifer forests
using traditional isolation techniques and a novel direct molecular diagnosis from wood. In site 1 (Cogne, Aosta
Valley), a subalpine stand of mixed spruce, larch, and Swiss-stone pine (Pinus cembra L.), 16 naturally infected
spruces and larches only yielded H. parviporum isolates, while a Swiss-stone pine was extensively colonized by
both H. parviporum and H. annosum s.s. In site 2 (Charvensod, Aosta Valley), a stand very similar to the above
one, an analysis of 15 spruce stumps yielded both H. parviporum and H. annosum s.s. isolates. At both sites Scots
pine was absent. These results suggest that 1) Swiss-stone pines and larches may be infected by the locally
predominant H. annosum species (i.e. H. parviporum); 2) Swiss-stone pine may be a primary host for H. annosum
s.s.; and 3) spruce stumps may be colonized by both Heterobasidion species and may thus offer a suitable habitat
for the survival of H. annosum s.s. in the region. To our knowledge, this is the first report of Heterobasidion
annosum on native European Pinus cembra and of an adult pine tree to be contemporary colonized by isolates
belonging to different species of H. annosum.

Keywords: Heterobasidion annosum, Pinus cembra, Larix decidua, ISGs, ecology

INTRODUCTION

Subalpine forests are, despite their low tree species diversity, structurally and spatially highly
heterogeneous. These forests consist of a mosaic of stands, tree groups, single trees and glades. From the
boundaries of subalpine ecotones up to the timberline, trees are more and more influenced and controlled by a
range of environmental factors; the temperature is usually identified as the main one (Holtmeier 1993).

In the Western Italian Alps (WIA), fir (4bies alba Miller) and especially spruce forests are severely
affected by the root and butt rot agent Heterobasidion annosum (Fr.) Bref. coll. (Anselmi and Minerbi 1989,
Capretti 1998, Cellerino et al. 1998). While in other parts of the world the damages caused by Heterobasidion
tend to be smaller at higher altitudes (Korhonen and Stenlid 1998), in WIA they are locally relevant at high
elevations (1800-2300 m a.s.1) as well (Gonthier 2001). Unpublished data point out that some subalpine forests in
Aosta Valley (WIA) are infected up to 95% of the trees. No more information are available about the
epidemiology of H. annosum coll. in subalpine forests.

Norway spruce (Picea abies (L.) Karsten), European larch (Larix decidua Miller) and Swiss Stone pine
(Pinus cembra L.) are the main components of the subalpine forests in WIA. Among these, larch and especially
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spruce are well documented H. annosum coll. hosts (Korhonen and Stenlid 1998). Spruce is the main host for H.
parviporum in Europe (Korhonen et al. 1998) and strong host specificity of this fungus vs spruce has been
recently confirmed in pure and mixed forests growing at lower elevations in WIA (Gonthier et al. 2001; Gonthier
2001). Besides, both H. annosum sensu stricto (s.s.) and H. abietinum have been occasionally found on spruce,
mostly in Northern and Southern Europe respectively (Korhonen and Piri 1994, Vasiliauskas and Stenlid, 1998,
Capretti et al. 1994). Heterobasidion annosum s.s. and H. abietinum are known to infect, in the same areas
respectively, L. decidua too (Stenlid 1987, Capretti et al. 1994, Vollbrecht et al. 1995), even if that coniferous
species shouldn’t be considered as a primary host for H. annosum coll. (Korhonen and Stenlid 1998). Little is
known about the incidence of the disease and the behavior of Heterobasidion on the Swiss Stone pine, since this
tree species is rarely felled in WIA. The fungus has been reported on P. cembra only once, right in the WIA
(Nicolotti et al. 1999), and it was typed as H. parviporum. The finding of H. annosum on P. cembra is an obvious
cause for concern because 1) it is generally believed that this tree species is resistant to most decay agents; 2) the
pathogen was causing an extensive butt rot in the infected tree, whereas it is normally reported as root rot agent vs
other pine species; and 3) H. parviporum is generally considered a pathogen of spruce trees and not pines.

Recent completed studies on the epidemiology of H. annosum coll. in WIA show that in the region the
scenario is complex (Gonthier et al. 2001, Gonthier 2001). Synthetically 1) all the three species of H. annosum are
present; 2) they may coexist in the same stand; 3) strong host specificity is showed by H. parviporum and H.
abietinum vs their preferential hosts. While the presence of H. parviporum and H. abietinum can be easily
correlated to the presence of their respective preferential hosts, the host/niche occupied by H. annosum s.s. in that
area still remain unclear. This fungus has been found in forests either with or without Scots pine (Pinus sylvestris
L.), one of the major host for this fungus in other parts of Europe (Korhonen et al. 1998). In WIA, even in stands
where both H. annosum s.s and its putative preferential host are presents, no evidence of disease is visible in this
tree species. Two different, but not mutually exclusive, hypotheses can explain the presence of H. annosum s.s. in
the WIA. 1) Scots pines are infected but largely asymptomatic; and/or 2) H. annosum s.s. has adapted to different
hosts and/or niches.

The aims of our study in mixed spruce, larch and Swiss stone pine forests were 1) to describe the
symptoms caused by H. annosum on P. cembra; 2) to identify the Heterobasidion species present in the infected
pine and in adjacent trees, iii)- to investigate the patterns of colonization of individual fungal genotypes. Besides,
an adjunctive objective was iv) to evaluate the role of other hosts/niches in the survival of H. annosum s.s. in the
region.

MATERIALS AND METHODS
Sites and stand descriptions

Two experimental plots were located in two naturally regenerated subalpine forests, which lay one
another in parallel mountain slopes, in Aosta Valley (WIA). Both forests face North in valleys with an alpine
sublitoral climate (mean annual rainfall 750 mm). The sites are classified as Picetum subalpinum and the soils as
Ochrepts/Umbrepts. The two forests are very similar, both as regards the tree species composition and the
structural aspects, and they comprise several large even-aged groups of trees, and as a whole is uneven-aged.
Spruce is the dominant species (about 60% of the canopy); larch and Swiss stone pine represent about 20% of the
total number of trees. Some silvicultural characteristics of the investigated forests are shown in Table 1.
Regeneration of P. cembra is present in groups, but the adult trees have been found to be coetaneous, ranging
between 85 and 90 years of age. The dominant larches were about twice as old, while spruce trees belonged to
different age classes, indicating a continuous regeneration of this species through time.
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Table 1. Characteristics of the forests investigated.

Forests Elevation Spruce %  Stone pine %  Larch%  Basalarea Density Mean DH’

(m. as.l.) [butt rot [butt rot [butt rot (m” ha™) (trees DBH? (m)
incidence%)' incidence%]' incidence%)]' ha™) (cm)
Cogne 1,800- 60 15 25 25.48 512 25 26
(site 1) 2,050 [90] | [30]
Charvensod  1,800- 60 20 20 26.31 400 29 24
(site 2) 1,900 [50] [7] [10]

' This estimate was based on the frequency of stumps displaying the typical laminated white rot caused by H.
annosum coll. (following thinning in 1997-1999)

? Diameter at breast height

* Dominant height

In site 1 we studied the symptoms caused by H. annosum coll. on P. cembra and the patterns of
colonization of fungal isolates present in the pine. At this site we also investigated the frequency of the disease in
the surrounding trees, and the spatial distribution of individual H. annosum coll. genotypes in spruce and larch
trees - or just felled secondarily infected stumps - growing within 30 m from the infected pine.

In site 2 we studied the frequency of the different species of H. annosum coll. in spruce stumps. That
epidemiological information, together with data obtained in the same stand typing spores collected by the wood
disk exposure method (Gonthier et al. 2001), could be useful to understand some ecological behavior of H.
annosum s.s. in WIA.

Site 1: investigations and sample collection from the infected Swiss stone pine tree and from the surrounding
stumps and trees

The infected Swiss stone pine tree, growing at 1900 m a.s.l,. was cut in May 1998 and it showed an
extensive butt rot in the stem section. The tree, growing closed to an old larch, was 14 m tall and its DBH was 34
cm. Annual rings which were visible (not decayed) were counted and measured both upstream and downstream.
To assess the probable age of the tree and if the fungal infection would have cause a reduction in tree growth, two
cores were extracted by an increment borer upstream and downstream at 40 cm aboveground from each of 10
healthy P. cembra trees growing in the stand. Annual ring values of the infected tree and the healthy ones were
then compared.

The symptoms were carefully described and, to assess the extent of the decay inside the tree, the trunk
was consecutively cut into 50 cm logs. A longitudinally cut was performed in the last log in which discoloration
was noticed. From each stem log, a 2 cm thick disk was taken from the major section for isolations.

The complete root system was excavated to check for the occurrence of root grafts between the infected
pine and the surrounding trees and stumps. All the woody roots, down to a diameter of 0.5 cm, were measured
(length) and consecutively numbered; root contacts were marked as well. Roots were sampled by excising
transversal disks. Where root contacts were observed, samples were also taken from roots of surrounding
trees/stumps. The P. cembra stump, including about 1.5 m of all its main roots, was dug out, transported to the
laboratory, and consecutively cut by a circular saw into 3-4 cm thick disks.

All trees and stumps (left in 1997 after a thinning) with diameter over 4 cm, growing in a range of 30 m
from the infected pine, were carefully mapped. The DBH was measured for trees and estimate for stumps. Each
tree was sampled by extracting 2-3 cores from the collar zone and each stump by cutting off its top portion to
obtain a 6-7 cm-thick disk near the root collar. Basidiocarps were also collected and stored at 5°C.
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Disks and cores were sprayed with a benomyl solution (0.010 g benomyl, 500 ul methanol, 1 1 sterile
water) and incubated, according to their size, in plastic bags or in Petri dishes (15 cm diam.), containing damped
filter paper, for about 10 days at room temperature. Colonies of H. annosum were recognized by their Spiniger
stage. In the Swiss stone pine, any distinct area bordered by interaction zones on the disks was identified and
numbered. Corresponding areas on the following disks were numbered according to previous disks. Isolations
were made from any area on PCNB-based selective medium (Kuhlman and Hendrix, 1962). Isolates from
basidiocarps were obtained from the context.

The larch tree, growing closed to the pine (about 0.4 m to each other), was felled down. The stem section
showed a typical Heterobasidion discoloration, and a disk was taken. As it was impossible to isolate the fungus, a
wood block (1.5 x 1.5 x 1.5 cm), including the discolored area, was cut and frozen at -20°C before DNA
extraction.

Site 2: sampling of spruce stumps for species composition assessment

Fifteen randomly selected healthy spruce stumps were sampled in July 1998 (Gonthier 2001). The trees
were cut 1 yr before. A wood disk (2-3 cm thick) was taken about 15 cm below the top surface of each stump.
Stumps showing visible wood discoloration at the collar, where discarded, to avoid isolation of colonies spreading
from roots. The treatment of samples, the incubation period and the isolation techniques were as above.

Mitochondrial and nuclear typing for the assessment of H. annosum species and somatic incompatibility
tests.

All isolates were checked for the presence/absence of clamp connections, that would indicate either
heterokaryon or homokaryon, respectively.

The following methods were employed to classify the isolates. First, a taxon-specific competitive-priming
(TSCP-PCR) (Garbelotto et al. 1996) in the mt LrRNA gene, as described by Gonthier et al. (2001). To type all
three European species of H. annosum by a single PCR amplification and gel, the method was modified as
follows. A mix of four primers (MLS, MLF, Mito 5 and Mito 7) was used for DNA amplifications, and PCR
products were electrophorezed in 2.5% Metaphor agarose gels in 1 X TBE at 3 V em™ for 3 hrs. Second, a PCR
RFLP on ITS to distinguish between H. parviporum and H. annosum s.s., as published by Gonthier et al. (2001),
and to verify the presence of hybrid heterokaryons. Results of molecular typing, both from mitochondrial and
nuclear markers, were compared to check for the occurrence of nuclear-mitochondrial chimeras among species.
Third, sexual compatibility tests with homokaryon testers of the three species (T4, TS, T6 - kindly provided by
Dr. Capretti - , A2r, A27r and A66r) as described by Stenlid and Karlsson (1991). The Buller phenomenon was
used to identify heterokayon isolates, and in that case the occurrence of clamp connections was verified in the
tester thallus, at least 3 cm from the interaction zone.

Direct DNA extraction from the wood of the larch was performed as follows. Sawdust from collected
wood was obtained by drilling in the collected wood. The sawdust was placed in a 1.5 ml Eppendorf tube and
DNA was extracted from the sawdust by adding an equal volume of 24:24:1 phenol:chloroform:isoamyl alcohol
and vortexing vigorously for 2 minutes. After 15 min centrifugation at 13000 rpm, the supernatant was collected
and the extraction was completed using the GeneClean IT Kit (QBiogene), following the manufacturer's
instructions. DNA was diluted 1:100 in PCR water and a nested PCR approach was utilized to obtain DNA
amplification of Heterobasidion. It should be noted that the pathogen was no longer culturable and expected to be
present in very small titer. A first round of PCR (using parameters described by Garbelotto et al. 1996) was
performed with primers ITS-1F and ITS4 (Gardes and Bruns 1993; White et al. 1990). The PCR product was then
diluted 1:100 in PCR water and a second PCR amplification was performed using two internal primers (ITS1 and
ITS2) (White et al. 1990). Sequences of the complimentary strands of the PCR product were obtained using an
ABI 377 automatic sequencer (Applied Biosystems, Foster City, CA). Sequence alignments were obtained by
using Sequencher software (GeneCodes) and optimized by manual alignment. Using the consensus sequences, a
BLAST search of the GenBank database (NCBI) was performed.

66 Ecology and Biodiversity



To study the presence and the patterns of colonization of H. annosum genotypes, all isolates from Cogne,
and belonging to either of H. annosum species, were paired at least twice in all possible combinations according
to the method described by Stenlid and Karlsson (1991).

RESULTS

The infected Swiss stone pine tree was apparently in good health conditions. The color of the foliage and
the crown density were similar to those of uninfected P. cembra growing in the stand. Seventy-five annual rings
were visible on the pine stump, but it is likely that the tree was between 88 and 90 yrs old (age of surrounding P.
cembra trees). A great reduction in ring size was observed in the last 25 yrs, both vs rings of previous yrs in the
same tree (0.72 vs 2.34 mm/yr) and vs the last 25 annual rings from surrounding P. cembra trees (1.47 + 0.02
mm/yr).

Stem decay at breast height occupied about 29% of the stem section and it was confined to the heartwood.
The butt rot was fibrous, soft, pale brown to dark brown and appears quite dry. Peripheral areas of the decay were
stained either brown or lilac and were bordered bluish or grey. A hollow was noticed from the collar zone up to 2
m of height, while the fungus was isolated from disks taken up to 4 m above the collar.

Decay was also present in the central cylinder of all the seven tree’s main roots, down to a diameter of 7
cm. Wood rot and staining appeared similar to those found in the stem. The fungus has also been isolated from
30% of fine roots (0.5-7 cm), that did not show any visible symptom of decay. In that case H. annosum was
present on the whole section of the sampled disks. No H. annosum mycelium was observed between the bark and
the wood.

All sampled disks yielded heterokaryon isolates. Isolates from the stem and from one root were typed as
H. parviporum and they all belonged to the same genotype, whereas the other six main roots were colonized by a
single H. annosum s.s. genet. In the stump, a distinct dark line of about 2 mm width was present between wood
occupied by either of the two fungal individuals. Root contacts were detected between infected fine roots of the
pine and infected roots of two closed spruce stumps. Both stumps yielded H. parviporum isolates, and one of
these was from the same genotype of the pine, suggesting a direct tree-to-tree spread of the fungus.

Of the 35 sampled surrounding trees/stumps (27 spruce, 4 larch, 4 Swiss stone pine), the fungus was
isolated from 17 (49%). No isolates were obtained from other surrounding Swiss stone pine trees. The fungus was
present in 17 out of 27 sampled spruce tree/stumps (63% incidence) and it was detected also in the larch close to
the infected pine. A single Heterobasidion basidiocarp was found in a decay pocket of a spruce stump. All
isolates possessed clamp connections, all were typed as H. parviporum, and each tree/stump, except for the P.
cembra tree, was colonized by a single Heterobasidion individual. The BLAST search resulted in a perfect match
between the isolate amplified from larch wood and H. parviporum. Among the H. parviporum isolates, 14 genets
were identified, and these occupied 18 trees (17 spruces and the infected pine) (average of 1.29 tree/stump per
genet). The largest genet occupied three trees within a 7 m distance, while other two smaller genets occupied two
trees each. Eleven genets (61.1%) were detected in only a single tree. A single H. annosum s.s. genotype was
present, and it was confined to the Swiss stone pine tree.

Twenty-five H. annosum coll. isolates were collected from spruce stumps in Charvensod, and all of them
came from the sapwood: 11 (46%) were typed as H. parviporum and 13 (54%) as H. annosum s.s. Three stumps
were colonized by isolates of both species of the fungus, and homokaryotic strains were more frequent than
heterokaryotic ones.

Nuclear PCR-RFLP typing indicated the absence of both heterokaryon hybrids and nuclear-mitochondrial
chimeras.
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DISCUSSION

Although H. annosum coll. has already been reported on pine species of the Section Cembra (Debazac
1977) before (Kolomiets and Bogdanova 1992, Aref’ev 1991,Darozhkin and Fedarau 1976, Negrutskii 1963), all
such reports were from Eastern Europe and Siberia. These areas are well outside the natural range of P. cembra
L., but correspond to the natural range of the closely related P. sibirica Du Tour (Tutin et al. 1993). While we
cannot exclude that the pine species in those reports may have been P. cembra that had been planted outside its
natural range, it is more likely that those reports referred to P. sibirica (Korhonen, personal communication). To
our knowledge this is the first report of H. annosum on P. cembra L., at least in the natural range of this pine
species.

Heterobasidion spp. are generally reported to kill pine trees, by infecting the cambium and then spreading
into the root sapwood (Korhonen and Stenlid 1998). The infected Swiss stone pine examined in this study was
apparently symptomless and displayed almost exclusively an internal decay. This unusual characteristics for a
pine has already been reported about Heterobasidion infections right on trees of the closely related P. sibirica,
suggesting that these two pine species are mostly susceptible of butt rot instead of root rot. Internal decay was
also observed in the root cylinder, often just limited to the heartwood portion of the root. Internal decay of the
roots and stem results in a significant loss of structural integrity, and may also, when a large section of the
functional sapwood is colonized, lead to a physiological loss of vigor.

Both H. parviporum and H. annosum s.s. were present in the Swiss stone pine tree, causing a similar heart
rot whether in the roots or in the stem. Isolates collected from P. sibirica in Southern Finland by Prof. Laine were
typed as H. parviporum (Korhonen, personal communication). In white fir stands in the United States, multiple A.
annosum genets were commonly found in living trees (Garbelotto et al. 1999), but the simultaneous presence in
single trees of strains belonging to different species of Heterobasidion have been reported, as far as we know,
only twice, and those reports referred to P. abies (Vasiliauskas et al. 1998, C. Delatour, unpublished, in Delatour
1998). Therefore, this is the first report of both pathogen species in a single live pine tree. The presence of both
fungal species may indicate that host specificity for these pathogens is not strict, but may be regulated by
ecological conditions and site history. In our stand, H. parviporum was by far the predominant species, as
exemplified by the observation that about 60% of spruces were infected by this fungal pathogen. It has already
been shown that the predominance of a pathogen species in a host may result in high percentages of that species
in adjacent hosts that may not be generally considered as common hosts for that pathogen (Capretti et al. 1994).
This phenomena was verified while studying the Swiss stone pine, as we assessed a secondary vegetative spread
of a H. parviporum isolate from a spruce to the pine (or vice versa). The same could be also true for the infected
larch, as reported by Capretti et al. (1994) about infections of this host in areas characterized by high H. abietinum
inoculum density. To our knowledge, this is the first report of a L. decidua tree to be infected by H. parviporum.
Heterobasidion infections on larches were previously reported as caused either by H. abietinum or by H. annosum
s.s., mostly in Southern and Northern Europe, respectively (Stenlid 1987, Capretti et al. 1994, Vollbrecht et al.
1995).

In the stand at Cogne, the most common host for H. annosum s.s., Scots pine, is absent. In general, Pinus
sylvestris and P. cembra do not coexist in the same sites in the Aosta valley and adjoining areas. Pinus sylvestris,
in fact, is virtually absent at higher elevations, where P. cembra grows. In that stand, we found a single H.
annosum s.s. genet, and it was exclusively associated to the Swiss stone pine tree, while all surrounding sampled
trees were infected by H. parviporum. This finding suggests that Swiss stone pine is virtually a primary host for
H. annosum s.s.

Both H. parviporum and H. annosum s.s. isolates have been found in the forest of Charvensod, and they
may even coexist in the same stump. Data on the aiborne inoculum composition of Heterobasidion species in that
forest have been recently published (Gonthier et al. 2001): 99% of spores were from H. parviporum and only 1%
of spores were from H. annosum s.s. Although further samplings are in need to correctly assess the relative
abundance of the two species both in spruce trees and in spruce stumps, this study show a quantitative equilibrium
between H. parviporum and H. annosum s.s. inside primarily infected spruce stumps (46% vs 54%). Results
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indicate that H. parviporum is almost the only species present in the air and thus able to infect stump surfaces. We
suppose that large fruit body production and the subsequent massive release of air spora normally occur after
colonization of large volumes of substrate, and thus, as found in Cogne, spruce trees are mostly infected by H.
parviporum. The significant presence of H. annosum s.s. inside spruce stumps may be explained by a particular
ecological fitness of this pathogen vs this substrate. H. annosum s.s. has already been reported to display a
saprotrophic degradating ability greater than H. parviporum in spruce wood (Daniel et al. 1998). Thus, spruce
stumps may represent, in areas were P. sylvestris is absent or resistant, an alternate and suitable habitat for the
survival of H. annosum s.s.

Heterobasidion parviporum and H. annosum s.s. co-exist both in spruce stands (Gonthier et al. 2001) and
in mixed forests growing at high elevations in the WIA. We show in this study that at least two niches are
simultaneously shared by both species in subalpine forests. This finding may have some important implications in
the population biology of this fungus, because of the essential role played by true niche overlaps in enhancing the
potential for hybridization. Nevertheless, neither heterokaryon hybrids nor nuclear-mitochondrial chimeras
between Heterobasidion parviporum and H. annosum s.s. were found in this study. Absence of inter-group gene
flow between the two species has already been reported in the WIA (Gonthier et al. 2001). This finding supports
the hypothesis that strong genetic barriers reinforced by negative selection on hybrids are the main factors
involved in the lack of hybridization between the two populations in the region.
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RELATIONSHIP BETWEEN SOIL FACTORS, ROOT INFECTION
BY COLLYBIA FUSIPES AND TREE HEALTH IN QUERCUS ROBUR AND Q. RUBRA

C. Camy and B. Margais
Laboratoire de Pathologie Forestiére, INRA, Centre de Nancy
F54280, Champenoux, France

SUMMARY

A method of rating of C. fusipes root infection severity was used in 2000 in two mature pedonculate oak
stands to investigate the relationship between C. fusipes infection severity, degree of oak decline and soil factors.
This method was also used in young and mature red oak stands, successively in 1995 and in 2001, to investigate
the effect of soil factors, such as water logging, and the effects of tree vigour, such as concurrence between trees,
on the infection induction and evolution. Thus, four plots in France were selected with a minimum of 51 studied
trees on each site. The results clearly showed that pedonculate oaks were more infected by C. fusipes when roots
were less submitted to water logging and that their proportion of declining increased when they were more
infected by the parasite. The level of decline was also influenced by the depth of a gravel layer able to reduce the
vertical growth of roots, but C. fusipes as been shown to play the major role in the decline. Concerning the work
on red oaks, water logging was also shown to negatively influence the infection induction and its evolution. The
evolution of infections did not appear to depend on the age of trees or on their initial degree of infection. The
period required for an healthy red oak to become heavily infected by C. fusipes was computed to be of about 30
years. It was also observed that a moderate or heavy degree of infection could be related to a reduction of tree
radial growth. C. fusipes appeared to be at the origin of growth loss.

Keywords: Collybia fusipes, root rot, oak decline, soil factors

INTRODUCTION

The European oak forest has undergone several diebacks in the last century (Delatour 1983). Around 1980
field studies have mentioned that the primary parasite C. fusipes was involved in the decline of pedonculate oak
(Q. robur), in particular in soils not submitted to water logging (Delatour and Guillaumin 1984; Guillaumin et al.
1985). Presence of C. fusipes was also reported in red oak (Q. rubra) stands in association with problems of
growth. Artificial inoculations have confirmed that C. fusipes is a primary parasite and that vigorous seedlings of
different oak species are susceptible to C. fusipes. Moreover, the parasite was more aggressive on red oak than on
pedonculate oak (Margais and Caél 2000). C. fusipes appeared to be a slow parasite, as two years after seedlings
had been inoculated, no mortality could be observed as would have occurred with Armillaria mellea or A. ostoyae
on young pine seedlings (Rishbeth 1982). However, the period required for a mature oak to become heavily
infected remained unknown. C. fusipes is not considered as a weakness parasite, as artificial inoculations
evidenced that seedlings defoliated for two years did not show an increased susceptibility to the parasite (Margais
and Delatour 1996). Furthermore, it was observed in a field study that C. fusipes did not develop preferentially on
trees not favoured by selective logging (Piou et al. 2001). This parasite induces typical orange lesions on large
roots and can cause a drastic destruction of the root system. Infected pedonculate oaks, located in sandy soils with
presence of a gravel layer, are more declining. Such soils are known to be unfavourable to Q. robur and we do not
know whether C. fusipes was the cause of decline or whether soil conditions are involved in decline. A method
allowing a good estimation of root infection severity of a mature tree was established by Margais et al. (1999).
Using this method, we were able to investigate the relationship between tree health, the severity of C. fusipes
infection and soil characteristics, in two pedonculate oak stands. We were also able to investigate the induction
and evolution of disease in two naturally infected red oak stands during a 6 years period and to relate this
evolution to soil and tree characteristics.
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MATERIALS AND METHODS

Study sites

Trees were sampled in four sites where C. fusipes showed a scattered distribution (Table 1). Two out of four
sites, with Q. robur, were located in alluvial forests. The soil consisted in a sandy loam coarse textured layer of
heterogeneous thickness covering a layer of gravel. Most roots over 1 cm in diameter did not extend into this
gravel layer. In the two other sites, with Q. rubra, soil consisted in a layer with a coarse texture covering clay
where vertical root growth was not limited (Table 1).

Table 1 . Description of the study sites.

Site Oak species  No. Studied No. declining Soil texture Parental Soil pH
(Area in France) trees oaks material

Ainvelle Q. robur 60 20 Clayey sandy silt Gravel 4.5
(Haute-Saone)

Mersuay Q. robur 60 22 Sandy clayey silt Gravel 5.2
(Haute-Saone)

Les Barres Q. rubra 93 0 Sandy loam Clay 4.0
(Loiret)

Agre Q. rubra 51 0 Clayey silt Clay

(Tarn-et-Garonne)

Tree sampling

Relationship between decline, C. fusipes infection severity and soil parameters were investigated at
Ainvelle and Mersuay. Trees were selected on the basis of their crown status, rated on a 0 to 3 scale adapted from
Nagelesein (1995): (0) crown healthy and opaque with dense secondary ramifications; (1) crown moderately
healthy, with dead twigs present and/or gaps present in the canopy; (2) crown moderately declining, with the gaps
in the canopy coalescing at the periphery of the crown and forming openings towards the outside in the upper part
of the crown. The skeleton of large limbs is fully visible; (3) crown severely declining, with large dead limbs in
the upper part of the crown and/or loss of more than half of fine branches. The 60 oak trees were selected to
obtain dominant trees 20 being healthy oaks rated as zero or one 20 being moderately declining oaks rated as 2
and 20 being declining oaks rated as 3. The age of trees was about of 80-150 years.

Evolution and induction of the disease in a 6 years period was monitored at Les Barres and Agre. Oak trees (0.
rubra) were selected on the basis of their social status. Only healthy dominant and codominant oaks were
selected. The age of trees varied between 40 and 70 years old at Les Barres and was of 20 years old at Agre.

Site and tree investigation

The diameter at breast height (dbh) was investigated at Les Barres in 1996 and in 2001 and at Agre in
1995 and in 2001. Oak height was measured at Agre only on 30 trees in 1995, and on every trees in 1996 at Les
Barres. The number of neighbouring trees within 4 m was evaluated in 1995 only at Agre. In this stand, a
silviculture trial was set up in the past and result in very heterogeneous tree density. In the 4 stands, a core of soil
was excavated at the base of each tree. Soils were described especially for their variability in depth of water
logging traces (traces of iron deposition or flight) and in depth of layer able to limit vertical growth of roots such
as a gravel layer.
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Root damage assessment

Root systems were studied for C. fusipes infection severity as described by Margais et al. (1999). Briefly,
the root collar and major roots were partially excavated to a depth of about 20-30 cm and a distance of about 80-
100 cm from the trunk base. Lesions caused by C. fusipes are very characteristics and are easily detected as
patches of dead bark that are orange in colour with small white fans of mycelium scattered in the necrotic tissues.
On pedonculate oak , an hypertrophy of the bark is usually observed as infected bark is thickened up to 3-4 cm. In
contrast, on Q. rubra, thickening of bark tissue is rarely observed (Margais et al. 1999). Previous work showed
that C. fusipes is consistently isolated from such lesions on oak roots (Guillaumin et al. 1985; Margais et al.
1999). The infection status of each major root was assessed within the following four classes: 0) no necrosis
detected; (1) superficial necrosis present, but covering less than half of the root circumference (penetration of C.
fusipes in the bark of less than 1-2 mm); (2) necrosis covering one side of the root entirely (penetration usually 2-
5 mm for Q. robur); (3) C. fusipes infection over the entire root circumference but root still alive (penetration
usually more than 4-5 mm for Q. robur); (4) root dead with decayed wood. Diameter of each root was measured
at about 10 cm from the trunk base. The root infection index of a tree was computed as: X (root diameter X root
rating) / X (root diameter). This index therefore takes value from 0 to 4. Trees with an index value of 0-0.3 were
rated as undamaged, those with an index value of 0.3-2 and 2-4 were rated as respectively lightly and heavily
damaged trees. C. fusipes infection severity was rated in 2000 in Mersuay and Ainvelle, and successively in 1995
and 2001 on the same trees in Les Barres and Agre.

Statistical analysis

Root infection index and infection evolution in a 6 years period were subjected to an analysis of variance
using a GLM procedure (SAS Inc. 1989). The frequency of oaks uninfected in 1995 that became infected during
the 6 years period and the frequency of declining oaks were analysed by generalised linear modelling with the
SAS procedure GENMOD. A binomial distribution was assumed and the logit link function was used.

RESULTS

Relationship between C. fusipes infection severity, pedonculate oak health and soil characteristics

In both sites, Ainvelle and Mersuay, oak decline and infection severity were significantly correlated
(Table 2). The majority of oak trees rated as severely damaged by C. fusipes were rated as moderately or heavily

declining trees (Ainvelle: 12 of 12 trees severely damaged, Mersuay: 14 of 16 trees).

Table 2. Correlation analysis between oak decline and infection severity.

Plots Spearman correlation coefficients Probability
Ainvelle 0.497 0.0001
Mersuay 0.428 0.0006

At Ainvelle and Mersuay, the root infection index increased significantly with the depth of water logging
in the soil (Fig 1, respectively: F=5.14, df =5, p < 0.001; F=8.09, df =4, p < 0.001). Root infection index
decreased when the gravel layer was close to the soil surface in Mersuay (F = 3.23, df = 3, p = 0.029) and when
the gravel layer appeared deeper in the soil in Ainvelle (F = 3.44, df =4, p = 0.014).
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Figure 1. Mean root infection index for different depth of water logging, measured as the first traces of iron
deposition, in Ainvelle and Mersuay. The bars represent the confidential interval of the mean. The number of trees
in the categories is given above the bar.

In Mersuay, the percentage of declining oaks increased significantly when the water logging depth was
deeper in the soil (likelihood X*=19.6, df =4, p < 0.001) and when the gravel layer appeared closer to the soil

surface (likelihood X*=10.4, df =3, p = 0.014). However, the relation between tree crown status and depth of
gravel layer was due to the fact that severely infected trees are more frequent when the gravel layer appears close
to the soil surface (Fig 2). There was no significant relationship between the proportion of declining oaks and the
depth of water logging or the depth of gravel layer in Ainvelle.
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Figure 2. Proportion of declining oaks (rated as 3) in Mersuay according to their level of infection by C. fusipes,
for different depth of gravel layer. The number of trees in the categories is given above the bars.
Effects of soil and tree characteristics on infection induction and evolution over a 6 years period, on red oaks.

Age of oaks did not appear to influence the evolution of infection at Les Barres. At Agre, in a situation
very different for stand, soil and climate, disease evolution over the same period, on younger trees, was on the
same range. In these two plots, evolution of infection between 1995 and 2001 did not depend on the initial level
of infection in 1995. Thus, it is possible to make the hypothesis that the speed of the disease is about constant
through the time. This allowed us to estimate the period required for an healthy oak (rated as 0) to become
severely infected (rated as 2). This period was computed as the ratio: [(2 / infection evolution between 1995 and
2001) x 6]. The period appeared to be very long both at Les Barres and at Agre (Table 3).
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Table 3. Number of years required for an uninfected red oak (rated as 0) to become severely infected (rated in 2)
by C. fusipes.

First quartile Median Third quartile
(25% of trees before) (50% of trees in both sides) (25% of trees after)
Les Barres 17 35 80
Agre 17 27 70

At Les Barres, the frequency of oaks not infected in 1995 that became infected between 1995 and 2001

increased significantly with the depth of water logging (Fig. 3 ; likelihood X*> = 6.68, df = 1, p = 0.02). This effect
did not appear at Agre (Fig. 3). However, in this plot, evolution of infection on trees already infected in 1995,
significantly depended on the depth of water logging (Fig. 4, F =9.76, df =1, p = 0.02). The infection evolution
on already infected tree was not linked with water logging at Les Barres (Fig. 4).
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Figure 3. Frequency of uninfected oaks that became infected between 1995 and 2001 for different depth of water
logging at Les Barres and Agre. The number of trees in the categories is given above the bar.
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Figure 4. Evolution of root infection severity during 6 years from oaks infected in 1995, for different level of
water logging at Les Barres and Agre. The bars represent the confidential interval of the mean. The number of
trees in the categories is given above the bar.
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At Agre, evolution of the root infection severity and frequency of uninfected oaks in 1995 that became
infected in 2001 were not related to the degree of competition with neighbouring trees in 1995, evaluated either as
the density of neighbouring trees within 4 m or as the ratio height/dbh. In contrast, at Les Barres, the frequency of
oaks uninfected in 1995 that became infected in 2001 decreased with the degree of concurrence undergone

between trees in 1995, measured as the ratio height/dbh (likelihood ¥=5,54. df =1, p=10.019).

The mean radial growth between 1995 or 1996 and 2001 decrease in the two plots when trees were
moderately and severely infected by C. fusipes in 1995 (Table 4, Les Barres: F=9.5, p = 0.003; Agre: F = 25.97,
p < 0.001). No significant relationship between growth and the induction or evolution of infections could be
evidenced (results not shown).

Table 4. Mean radial growth (mm / year) of red oaks between 1995 or 1996 and 2001, at Agre and Les Barres, for
different degree of C. fusipes infection in 1995.

Agre Les Barres
Infection level Nb oftrees Mean  Std Error | Nb of trees Mean Std Error
None 26 5.30 0.28 28 6.95 0.31
Moderate-low 17 4.76 0.31 26 7.30 0.32
Moderate-high 8 3.54 0.33 18 6.76 0.38
Severe 0 . . 21 4.74 0.52
DISCUSSION

Water logging is the major factor explaining distribution of C. fusipes infection in the four studied stands.
Indeed, the parasite seems to be favoured by a reduced water logging level that might be related to oxygen
availability. In vitro, the colonisation of little hazel stem segments by C. fusipes is strongly influenced by a good
aeration of the culture. Furthermore, during an experiment of artificial inoculations, C. fusipes had not survived in
the majority of inocula located in pots where fortuitous water logging had occurred (Margais and Caél 2000). In a
field study, Piou et al. (2001) observed that C. fusipes developed well on final crop trees submitted to poor water
logged conditions. In the Netherlands, Nanta and Vellinga (1995) reported preferential distribution of C. fusipes
on dry soils. Root rot fungus are often mentioned in literature as favoured by dry soil conditions. Indeed, in
British Columbia, the incidence of disease induced by Inonotus tomentosus was higher on soils with a dry
moisture regime as influenced by slope position and texture (Bernier and Lewis 1998). Whitney (1984) showed
that black spruce located on dry moisture regimes are more heavily infected by 4. mellea, than those on moist or
wet sites. Kuhlman (1980) observed that root segments of loblolly pine were more decayed by Heterobasidion
annosum when they were buried in dry soils.

The low degree of competition between trees was linked with an higher frequency of tree that became
infected in the 6 years study period at Les Barres. In fact, trees subjected to a poor level of competition were
located in different soil situation than those subjected to a poor competition level, with water logging appearing
deep in the soil. Then, they were located in favourable conditions for C. fusipes.

Our study also showed that the proportion of declining pedonculate oaks increased with their severity of
infection by C. fusipes. This observation confirms those made by Margais et al. (2000) through other sites in
France. We confirmed that in this case C. fusipes was the major cause of decline. Soil conditions, though they
were unfavourable for Q. robur, appears to play a secondary role in decline.

The radial growth of red oaks of Les Barres and Agre during the 6 years period was lower on those that
were the more heavily infected by C. fusipes at the beginning of the period. C. fusipes was the major factor linked
with reduced growth. In those stands, Marcais and Caél (2001) have already observed, through a
dendrochronological study, that trees severely infected by C. fusipes exhibited poor growth for many years.
However, the time at which trees became infected could not be determined in this study and, as a consequence, it
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could not be concluded whether the root rot was the cause of the poor growth or whether oaks with poor growth
had higher chance to become infected and then to develop high level of infection. Observation of the disease
evolution on single trees during 6 years gives a part of the answer. Indeed, previously infected trees have a
reduced growth but conversely there is no effect of tree growth on infection induction or evolution. Thus, as the
parasite does not appear to be influenced by growth, that could allow us to conclude that C. fusipes is probably the
origin of growth reduction. We were also able to estimate the period required for the parasite to induce severe
damage in field conditions. Because of the slow evolution of C. fusipes infection, this estimation could never have
been done by inoculation experiments.
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FIRE AND ARMILLARIA: EFFECTS ON VIABILITY AND
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SUMMARY

This study determined the effects of prescribed burning, soil depth, antagonistic fungi (7richoderma
harzianum Rifai), and time since burning on the viability of Armillaria ostoyae (Romagnesi) Herink in wood
pieces buried in the soil of a mixed-conifer forest in northeastern Oregon, USA. Red alder (4/nus rubra Bong)
stem segments colonized with 4. ostoyae were buried at two soil depths in plots that were burned and not burned.
Half of the Armillaria segments were buried with segments of 7. harzianum. Prescribed burning in the fall
significantly reduced the recovery of A. ostoyae one day after the burn at a soil depth of 8 cm but not at a soil
depth of 30 cm. Adding 7. harzianum inoculum to the soil did not appear to reduce A. ostoyae recovery
immediately after the fire, but 4. ostoyae recovery appeared to decrease after several months. Differences in 4.
ostoyae recovery may also be due to the season (fall or spring) of the prescribed burns.

Keywords: Armillaria ostoyae, Trichoderma, inoculum, prescribed fire, mixed-conifers

INTRODUCTION

Fire has shaped the forests of western North America for at least 350 million years (Agee 1993). Fire
return intervals have historically ranged between 40-150 years in the upper elevation, mixed-conifer forests of
northeastern Oregon (Mutch et al. 1993, Fitzgerald et al. 2000). Fire exclusion and selective harvesting of pine
and larch that began at the turn of the 1900s have resulted in an unprecedented abundance of Abies grandis
(Dougl. ex D. Don) Lindl. and Pseudotsuga menziesii (Mirb.) Franco in many areas in the interior West (Filip
1994). Mortality from root disease and other pests is much greater in stands with more Abies spp. (Filip and
Goheen 1984, Filip et al. 1996). As a result, these stands are overstocked with diseased, suppressed, or dead 4.
grandis, P. menziesii, and Pinus ponderosa Dougl. ex Laws. Subsequently, wildfire frequency in the western
USA and even throughout the country appears to have increased with 84 690 wildfires on 43 057 ha in the USA in
2000 (National Fire News 2000).

Prescribed burning is increasingly used throughout western North America in an attempt to return fire to
its natural role in the ecosystem. Only a few studies, however, have directly linked fire in the Pacific Northwest
to the changes in the incidence or severity of root pathogens (Thies 1990). In the mixed-conifer forests of
northeastern Oregon, Armillaria ostoyae is common and widely distributed (Schmitt et al. 1991). Schmitt found
that 4. grandis had the highest incidence of damage from several species of root pathogens, that P. ponderosa was
damaged more by 4. ostoyae than other root pathogens, and that Pseudotsuga menziesii was damaged by root
pathogens in most sample strata and plant associations. Armillaria ostoyae clone sizes of 1134 ha and ages of
approximately 2400 years have been reported in a study area adjacent to ours (Ferguson et al. 1999).

Biological control of Armillaria is difficult because effective populations of antagonistic fungi are not
sustainable under normal field conditions. Filip and Yang-Erve (1997) provide a summary of the interactions
between Armillaria spp. and Trichoderma spp. Because prescribed burning can influence antagonistic soil
microorganisms (Margaris 1977, Parmeter 1977), controlled burns may indirectly help minimize Armillaria root
disease. In central Oregon, Reaves et al. (1984) found that ash leachates from prescribed fire in ponderosa pine
forests reduced the growth of 4. ostoyae in culture. Isolates of Trichoderma spp. obtained from burned soils were

78 Ecology and Biodiversity



more antagonistic to 4. ostoyae in culture than isolates from unburned soils (Reaves et al. 1990). Hood and
Sandberg (1989) showed a significant reduction in viable rhizomorph recovery for A. limonea (Stevenson)
Boesewinkel and 4. novae-zelandiae (Stevenson) Herink after a prescribed fire in New Zealand.

The objective of our study was to determine whether prescribed fire reduces the viability of 4. ostoyae in
wood segments artificially buried in soil in a mixed-conifer forest. We were specifically interested in four issues:
(1) whether there is a significant difference in the viability of A. ostoyae inoculum segments between burned and
unburned treatments; (2) whether the treatment difference is associated with the depth of buried segments (8 cm
vs. 30 cm); (3) whether the treatment difference is associated with the presence of Trichoderma harzianum; and
(4) whether the treatment difference is associated with time since the prescribed burning treatment (over a year).

MATERIALS AND METHODS
Research site

The study was conducted on land managed by the USDA Forest Service, Prairie City Ranger District,
Malheur National Forest of Oregon (Filip and Yang-Erve 1997, Fitzgerald et al. 2000). The study site is at an
elevation of 1,370 m with a west to south-facing slope. Four plant associations occur in the research area: Abies
grandis/Calamagrostis rubescens, A. grandis/Carex geyeri, A. grandis/Vaccinium membranaceum, and A.
grandis/V. scoparium (Johnson and Hall 1990). Stands have a dominant overstory of ponderosa pine with
scattered large-diameter western larch (Larix occidentalis Nutt.), Douglas-fir (Pseudotsuga menziesii var. glauca
(Beissn.) Franco), and grand fir. Large diameter trees are common in the study area, and stands contain dying and
dead grand fir and Douglas-fir due to an outbreak of western spruce budworm (Choristoneura occidentalis
Freeman) from 1980 to 1992. Armillaria ostoyae, Armillaria NABS X, and Heterobasidion annosum sensu lato
occur naturally in the study area. The study area is adjacent to an Armillaria clone study (Ferguson et al. 2000)
and a tree-density reduction study (Fitzgerald et al. 2000).

Three units in the study area were selected because of their prescribed fire treatment priority. Units A and
B were selectively harvested in order to reduce excess stand density and favor ponderosa pine and western larch.
Unit H was clearcut. Prescribed fire was planned in all three units in order to reduce fuel loads and create
planting spots.

Because of the uneven distribution of Armillaria root disease in the study area, an isolate of Armillaria
ostoyae from northeastern Oregon was used to artificially inoculate the treatment blocks. Trichoderma spp. were
isolated from the soil at the study sites. A preliminary laboratory test was performed to screen for the
Trichoderma isolate that was the most antagonistic to 4. ostoyae; an isolate of 7. harzianum was used as the
inoculum. Red alder (4lnus rubra Bong.) stem segments were used as substrates for A. ostoyae and Trichoderma
harzianum, and inoculum preparation has been described previously (Filip and Yang-Erve 1997)

Experimental design and plot establishment

Two blocks each were randomly established in units A, B, and H in the study area: blocks 1 and 2 in unit
A, blocks 3 and 4 in unit B, and blocks 5 and 6 in unit H. Each block was designed with a split-plot
configuration. The use of prescribed burning was the whole-plot factor, and soil depth and presence of
Trichoderma were the sub-plots factors. Each 12 x 24 m sub-block (burned or unburned) contained four plots
(Figure 1). Treatments were randomly assigned to the plots. Fifteen red alder stem segments colonized with
Armillaria were buried in each plot before burning; five segments were buried for each of three sampling times (1
day, 1 month, and 2 months after burning). A Trichoderma-inoculum segment was buried adjacent to and
touching an Armillaria-inoculum segment where indicated (AT). An iron stake was placed at each corner and at
the center of each plot. The position of each inoculum segment was measured from the closest iron stake and
recorded on a map for future sampling.
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The configuration was a 2° factorial design; the treatments were burned or unburned, 8 or 30 cm soil
depth, and presence or absence of 7richoderma inoculum. All segments were randomly assigned to each
treatment and buried between August and September 1993. Before the prescribed fire treatment, woody debris
was evenly scattered over each plot so that burning was uniform.

Prescribed burning

Unfortunately, local weather and the availability of personnel at the Prairie City Ranger District affected
our ability to conduct prescribed burning. Instead of burning all six blocks in the fall of 1993 as planned, the fire
treatment occurred at three different times over two years. Blocks 5 and 6 in H unit were burned for an hour on
27 October 1993. The woody debris and litter layer on both blocks were barely consumed; soils were moist to the
touch. On 31 October 1993, the burned plot of block 6 was reburned for four hours because of the poor original
burn; the first sampling of segments occurred the next day, the second sampling occurred in June 1994, and the
third in August 1994.

Block 3 in unit B and block 5 in unit H were burned on 8 June 1994, nine months after inoculation. The
fire lasted one hour, was extinguished with water, and completely consumed the woody debris and litter layer.
We began sampling the next day, sampled a second time in July, and a third time in August.

Blocks 1, 2, and 4 in units A and B were burned on 27 October 1994, one year after inoculation. The fire
lasted one hour and completely consumed the woody debris and litter layer. Water was used on all plots to
extinguish the fire. Sampling for Blocks 1, 2, and 4 was done only on the day after the burn. These three blocks
received the same treatment, so data could be statistically analyzed.

Inoculum recovery

Following each prescribed fire treatment, five segments from each treatment were randomly selected in
order to test the viability of 4. ostoyae at each sampling time. Segments were excavated individually, bagged in
separate paper bags for each treatment, and stored at 1-2°C until they were processed in the laboratory. We
attempted to isolate the fungi by splitting each segment aseptically and plating five wood chips (1 x 1 x 1 mm)
onto a selective medium for Armillaria (2% malt agar with 1.5 ppm each of prochloraz, benomyl, and
thiabendazole; 30 ppm rose bengal; and 100 ppm streptomycin sulfate; Goldfarb et al. 1989). The recovery rate
of A. ostoyae was scored from 0-5 based on the number of isolates recovered from that segment. The number of
A. ostoyae isolates recovered was converted to 0-100% scale. Treatment means were the average of the 15
segments in that treatment.

Statistical analysis

Percent recovery of A. ostoyae was tabulated by burning treatment, soil depth, and presence of
Trichoderma. Data from blocks 1, 2, and 4 were examined by using analysis of variance for a 2° factorial with an
F test (P<0.05; SAS Institute, Inc. 1994). We explored the main and interactive effects of prescribed burning,
depth of inoculum, and the presence of Trichoderma on the percentage recovery of A. ostoyae. Comparisons
were made between all combinations of treatments.

RESULTS

There were no significant differences among blocks 1, 2, and 4 (P = 0.94) in the percentage recovery of
Armillaria immediately after the prescribed burn in October 1994. The effect of prescribed burning on Armillaria
viability was significant (P = 0.0138; Table 1). The interaction between the prescribed burn and soil depth on
Armillaria viability was also significant (P = 0.0138). The 3-way interaction of prescribed burning, soil depth,
and the presence of Trichoderma (P = 0.3003), the interaction between prescribed burning and the presence of
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Trichoderma (P = 0.4313), and the interaction between soil depth and the presence of Trichoderma (P = 0.9193)
did not significantly affect the viability of Armillaria.

Table 1. Results of an analysis of variance of the effects of prescribed burning (Burn), soil depth, and presence of
Trichoderma (Trich) on the viability of 4. ostoyae inoculum one day after fall treatment.

Source NDF' DDF' Type III F' Pr > F'
Burn 1 14 7.92 0.0138
Soil depth 1 14 0.06 0.8059
Trich 1 14 0.14 0.7181
Burn x Depth 1 14 7.92 0.0138
Burn x Trich 1 14 0.66 0.4313
Dept x Trich 1 14 0.01 0.9193
Burn x Depth x Trich 14 1.16 0.3003

'NDF = numerator degrees of freedom; DDF = denominator degrees of freedom; Type III F = Type III F-value;
and Pr> F = probability greater than F-value. Bolded values are significant.

Prescribed burning and soil depth

The recovery of Armillaria decreased significantly from 36 to 5% at soil depths of 8 cm in burned plots
but remained unchanged at soil depths of 30 cm (Table 2). The recovery of Armillaria was lowest in the burned
and highest in the unburned treatments at a soil depth of 8 cm. The mean recovery of Armillaria at the 8 cm
depth with prescribed burning was 5% which is not statistically different than 0% recovery (P = 0.43); thus
Armillaria at a soil depth of 8 cm had virtually no viability after the prescribed burning. The mean recovery of
Armillaria in unburned plots was 36% at 8 cm and 19% at 30 cm; however, depth itself did not have a significant
effect on the percentage recovery of Armillaria in unburned plots (P = 0.8059; Table 1).

Table 2. The percentage recovery of Armillaria ostoyae, at two soil depths and at burned and unburned sites one
day after fall treatment in northeastern Oregon.

Treatment Soil depth (cm) Mean' SE
Burned 8 5(0.23)a’ 0.29
Burned 30 19 (0.95)ab 0.29
Unburned 8 36 (1.83)b 0.29
Unburned 30 19 (0.95)ab 0.29

' Means are the percentage and actual number (in parentheses) of viable isolations of 4. ostoyae out of a total of
five attempts from each of 15 segments per treatment.

? Means followed by a different letter are significantly (P<0.05) different according to ANOVA (SAS Institute
Inc. 1994).

Season of burning

Block 6 in Unit H was burned in the fall 1993 and sampled three times: fall 1993, spring 1994, and fall
1994. Because this was the only block effectively treated in fall 1993, there was no statistical analysis. In plots
treated with prescribed burning, the recovery of Armillaria appeared to remain the same at the 30 cm soil depth
regardless of the time of sampling; however, recovery decreased at the 8 cm depth at the second sampling. In
unburned plots, the recovery of Armillaria at a depth of 8 cm was higher than at 30 cm at the second and third
samplings.

Following the burning treatment, the recovery of Armillaria appeared to decrease with time in the
presence of Trichoderma but increased in the absence of Trichoderma. Without the burning treatment, recovery
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of Armillaria increased at the second sampling, then decreased at the third sampling, especially in the presence of
Trichoderma.

Block 3 in Unit B was burned in spring 1994 and sampled three times: June, July, and August 1994.
Block 5 in Unit H was also burned in the spring, but the unburned plot was accidentally destroyed. The spring
burn seemed to have no effect on the recovery of Armillaria during the sampling period. At the second and third
sampling, Armillaria recovery in burned plots at the 8 cm depth was higher than recovery at 30 cm. The presence
or absence of Trichoderma appeared to have little affect on Armillaria recovery.

DISCUSSION AND CONCLUSION

There was a significant reduction in Armillaria recovery immediately following a fall burn. The recovery
of Armillaria was lowest (5%) in burned plots and highest (36%) in unburned plots in segments at a soil depth of
8 cm. The results of this field study suggest that the heat from the fire was able to kill a high proportion of
Armillaria at a soil depth of 8 cm but not at 30 cm. The fact that most segments were scorched by the fire in all
three blocks further supported the conclusion that the reduction in Armillaria recovery was caused by heat. As
mentioned previously, Hood and Sandberg (1989) reported that there was a highly significant reduction in the
yield from isolates of rhizomorphs, although no significant change in rhizomorph frequency, after felling and
burning of forest vegetation in New Zealand.

Trichoderma harzianum can kill Armillaria mycelium in vitro. The shift in the microbial balance from
ash leachates in forest soils (Reaves et al. 1990) that favors the antagonist Trichoderma following a prescribed
fire is a rather slow process compared to lab tests. We did not find a decrease in Armillaria with Trichoderma in
samples taken immediately after the fire, although 8-10 months after the prescribed burning we found a decrease
in Armillaria recovery. Additional research is needed in order to evaluate whether the reduction in Armillaria
recovery is short-term. Also, there are large natural populations of Trichoderma spp. in forest soils that we did
not monitor.

There was no apparent difference in the recovery of Armillaria between burned and unburned plots after
the spring burning treatment. This differs from the results after the fall burning; we found a significant difference
between burned and unburned plots at the 8 cm soil depth. More studies are needed to establish the timing and
intensity of fire that are necessary to effectively reduce Armillaria recovery.

Woody roots that are naturally infected with Armillaria are normally present at depths much greater than
were inoculum segments in our study. Obviously, an operational burn with conditions similar to our study would
only destroy a small portion of the total Armillaria inoculum. Unless the burn was hotter or more penetrating, a
situation that could lead to soil damage and significant nutrient loss, the direct effects of prescribed fire on
Armillaria populations appear to be negligible. The long-term effect of burning as related to changes in
Trichoderma populations and subsequent indirect effects on Armillaria, however, may be more important. Long-
term studies that explore the effects of prescribed burning on naturally infected roots in soil need to be conducted.
Advanced A. ostoyae clone sizes and ages in northeastern Oregon (Ferguson et al. 1999) testify to the population
stability and resilience through centuries of fire and forest structural changes.
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Figure 1. Diagram of the plot configurations and randomized treatment applications within each block. Red
alder segments, colonized by Armillaria (A) were buried 8 or 30 cm under the soil surface (soil depth). In some
cases, a segment colonized by Armillaria and a segment colonized by Trichoderma were buried together (AT).
The plots in which these segments were buried were subsequently subjected to prescribed burning treatments.
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EFFECTS OF NUTRIENTS ON ARMILLARIA ROOT DISEASE IN GREENHOUSE-
GROWN LODGEPOLE PINE (PINUS CONTORTA)
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SUMMARY

Armillaria root disease is thought to occur in nutrient stressed trees; however, some studies have found a
greater incidence of Armillaria root disease on high versus low productivity sites and in fertilized versus non-
fertilized plantations. A greenhouse experiment was initiated to test whether young lodgepole pine (Pinus
contorta Dougl. var. latifolia Engelm.) grown under low nutrient conditions were more susceptible to Armillaria
root disease than trees grown under optimal nutrient conditions. Lodgepole pine trees, grown in the greenhouse
and fertilized with either full- or quarter-strength Hoagland's solution were inoculated with Armillaria ostoyae
(Romagn.) Herink. Trees from each treatment were examined 3, 6, 9, and 12 months after inoculation for
evidence of infection. Disease incidence was greater in trees grown with the full-fertilizer treatment than those
grown with the quarter-strength fertilizer treatment; however, inoculum survival was better in the quarter
treatment. Infection was not related to size of the tree. The increased incidence of Armillaria root disease in the
full-strength fertilizer treatment may be related to changes in the chemical constituents of the tree root or the
fungus’s ability to use the food base in creating rhizomorphs or mycelia.

Keywords: Armillaria root disease, Armillaria ostoyae, stress, nutrient

INTRODUCTION

Armillaria root disease is one of the most important diseases of forest trees and occurs in all forested
regions of the globe on a variety of host species (Wargo and Shaw 1985). In Canada, Armillaria root disease is
found in all forest regions and can cause significant losses in coniferous and deciduous tree stands of all ages
(Hiratsuka 1987, Myren 1994).

Until recently, Armillaria root disease was considered to be a disease of severely stressed trees (Wargo
and Harrington 1991) and the incitant, Armillaria mellea (sensu lato), was thought to be a secondary pathogen.
With the discovery that there are many different species of Armillaria, it became apparent that some species such
as Armillaria ostoyae (Romagn.) Herink were primary pathogens (Gregory et al. 1991). Armillaria ostoyae is the
principal species of Armillaria found in conifers in western North America (Wargo and Shaw 1985, Mallett
1992). Little is known about the environmental conditions that must be present for these primary pathogenic
species of Armillaria to damage trees. A higher incidence of Armillaria root disease is thought to occur in trees
growing on nutrient deficient sites (Wargo and Harrington 1991). The disease in conifers has been associated with
low soil nitrogen (Singh 1983, Entry et al. 1986, 1991). Very few studies have examined the effect of edaphic
factors on A. ostoyae and Armillaria root disease (Shields and Hobbs 1970, Entry et al. 1986, 1991, Blenis et al.
1989). In a greenhouse study, soil type significantly affected the inoculum viability, rhizomorph production, and
amount of Armillaria root disease in lodgepole pine (Pinus contorta Dougl. var. latifolia Engelm.) caused by A.
ostoyae (Blenis et al. 1989). Seedlings grown in a soil from a highly productive site (site productivity was
measured by periodic annual increment) had the least incidence of disease whereas those grown in soil from a low
productivity site had the greatest incidence of disease. In contrast, a life table study of lodgepole pine in west
central Alberta showed that there was a greater incidence of mortality due to Armillaria root disease on high
versus low productivity sites (Ives and Rentz 1993).
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In this study we report on the effect of soil nutrients on Armillaria root disease caused by A. ostoyae, in
greenhouse-grown lodgepole pine seedlings. Specifically we tested whether lodgepole pine seedling grown under
low nutrient conditions were more susceptible to Armillaria root disease than seedlings grown with optimal
nutrients. Seedling heights, diameters, shoot and root dry weights as well as elemental analysis of seedling tissues
were measured to determine the response to nutrient stress.

MATERIALS AND METHODS
Isolate identification

Two isolates of Armillaria ostoyae (NoF 1076 and NOF 898) isolated from basidiocarps were used in the
experiments. Armillaria species identifications were made by haploid pairing tests using basidiospore isolates
from basidiocarps (Anderson and Ullrich 1979). Diploid isolates used were isolated from the stipe tissue of
basidiocarps. All isolates were grown on carrot agar (Mallett and Colotelo 1984).

Inoculum preparation

Inoculum was prepared from branch segments of Populus tremuloides Michx. (approximately 10 x 2 cm).
Branch segments were autoclaved in metal surgical instrument trays (46 x 12.5 x 6 cm) containing 300 ml of
water (60 branch segments per tray) for 60 min. Three hundred milliliters of malt extract-dextrose-peptone broth
(MPDB) (3% w:v malt extract 2% dextrose, 0.5% peptone, in distilled water) was then added to each tray before
autoclaving for an additional 20 min. Isolate cultures grown on carrot agar were comminuted in 100 ml of sterile
distilled water in a sterile blender and then added aseptically to the trays containing the branch segments and
MDPB. Inoculated branch segments were kept at 25°C in the dark for 3 months.

Fertilizer experiment

Lodgepole pine seeds, collected near Hinton, Alberta, were seeded in 3 litre plastic pots containing limed
peat moss (pH 5), three seeds per pot. The exposed surface of the peat was covered with horticultural grit
(approximately 0.5 cm in depth) to control bryophyte growth. After the seedlings had emerged, seedlings were
thinned to one seedling per pot. Then an inverted 2 X 25 cm test tube was inserted into the soil parallel to each
seedling's stem. Seedlings were grown in a greenhouse compartment with artificial light (high pressure sodium
vapour lamps, 400 W, with an intensity of 363 pumol m™s") with a photoperiod of 18 h and day and night
temperatures of 25°C and 20°C, respectively. The seedlings were watered twice weekly and fertilized once a week
with full-strength Hoagland's No. 2 solution (1 ml of 1 M KH,PO4, 5 ml of 1 M KNO;, 5 ml of 1 M Ca(NO;), 2
ml of 1 M MgSO,, 0.5% Fe tartrate 1 ml microelement stock [0.286% H;BO;, 0.181% MnCl,4H,0, 0.008%
ZnS0O,7H,0, HoMoO4H,0] 1 L distilled water) (Hoagland and Arnon 1950) for 4 months.

Four months after seeding, half of the 384 seedlings were fertilized with full-strength Hoagland's and the
remaining seedlings were fertilized with quarter-strength Hoagland's solution. Three hundred milliliters of
fertilizer solution were dispensed to each pot. Seedlings in each fertilizer treatment were further subdivided into
those that received isolate NOF-1076, NOF-898, or a sterile inoculum piece. The seedlings were inoculated when
they were 6-months old by removing the test tubes and replacing them with inoculum pieces. The seedlings in the
experiment were assigned to a treatment in one of four blocks (greenhouse benches) in a randomized complete
block design. The heights and diameters (measured at the soil line) of the seedlings were recorded at the time of
inoculation.

Sixteen seedlings from each treatment were measured and examined 3, 6, 9, and 12 months after
inoculation. Heights and diameters of the seedlings were recorded before the roots were examined for symptoms
and signs of Armillaria root disease. Those seedlings with resinous lesions and an attached rhizomorph or a
characteristic mycelial fan of Armillaria were considered diseased. Seedlings that died during the experiment
were examined for fans of mycelium beneath the bark. Cultures were made from mycelial fans to confirm that it
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was A. ostoyae. Species identification was made using the method of (Hopkin et al. 1989). Root and shoot dry
weights were obtained by separating roots, stems, and foliage and then drying them in ovens at 60°C to a constant
weight. Inoculum pieces were retrieved and examined. If rhizomorphs, yellow stringy rot, and/or a mycelial fan
were observed, the inoculum was considered viable.

Elemental analysis

Total nitrogen (N), phosphorus (P), sulfur (S), calcium (Ca), magnesium (Mg), and potassium (K) were
determined for the needles, stems, and roots of all seedlings. Total nutrient analyses were performed on oven-
dried samples that had been ground in a Wiley mill and passed through a 0.25 mm sieve. The samples were
digested with HNO;-H,0,-HCI in a microwave oven (Kalra et al. 1989) and analysed for S, P, Ca, Mg, and K.
Total N was determined using a modified Kjeldahl digestion technique with a Tecator Kjeltec 1030 automated
system (Kalra and Maynard 1991). Samples were digested in an aluminum block digester using an H,SO, and
K,S0,4-CuS0Oy catalyst mixture (Kjeltab).

Statistical analysis

Armillaria root disease incidence and inoculum survival data were analysed using a linear model in the
Categorical data modeling procedure (CATMOD) of the Statistical Analysis System (SAS) Institute, Inc.
(Statistical Analysis System Institute, Inc. 1990. SAS/STAT user's guide. Vol 1,2. Ver. 6. 4th ed. SAS Institute,
Cary, North Carolina). The Chi-square statistic was used to analyze the disease incidence and inoculum survival
data because it does not assume any underlying distribution of the data. The foliar, stem, and root nutrient and the
growth data were analyzed by analysis of variance (ANOVA) using the general linear model (GLM) procedure of
SAS. Least square means (LSMEANS), using Fisher’s protected least significant difference, was utilized for
mean comparisons where significant effects were detected by the ANOVA.

RESULTS

Different concentrations of Hoagland’s solution had an effect on Armillaria root disease in lodgepole
pine. There was a greater incidence of disease in the full-strength fertilizer treatment compared to the quarter-
strength treatment (Table 1, Chi-square = 4.03, P = 0.04). Only seedlings that were exposed to viable inoculum
were considered in the analysis. A greater incidence of disease occurred in the seedlings that received the full-
strength fertilizer treatment at each sampling date. There was no difference in the incidence of Armillaria root
disease (infected + dead seedlings) caused by the two isolates (Chi-square = 1.97, P = 0.16); however, isolate
NOF-1076 caused mortality, NOF-898 did not. There was no significant difference in the amount of mortality
between the full- and quarter-strength treatments (7.3 and 6.7%, respectively) or when it occurred.

Inoculum in the quarter-strength treatment had slightly greater survival than the inoculum in the full-
strength treatment except at the second sampling date (Table 2, Chi-square = 3.62, P = 0.06). There was a
significant difference in inoculum survival between isolates regardless of treatment; inoculum pieces of NOF-898
did not as survive as well as NOF-1076 (Chi-square = 23.3, P = 0.00).

Selected growth characteristics of non-inoculated seedlings in each of the treatments after one year were
compared (Fig.1). There were no differences in dry root weights, height and diameters (at the beginning of the
experiment) between the two treatments; however, there were differences in the dry shoot weights and the heights
and diameters of the seedlings after 12 months growth. Seedlings in the full-strength treatment were larger than
seedlings in the quarter-strength treatment. There was no difference between infected and non-inoculated
seedlings in dry root weight (P = 0.14), dry shoot weight (P = 0.71), height (P = 0.61) or diameter (P = 0.97).

The concentrations of N, P, and S in the needles, stems and roots of non-inoculated seedlings fertilized
with the full-strength Hoagland's solution were higher than in the needles, stems and roots of seedlings fertilized
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with quarter-strength Hoagland's solution (Table 3). There were no differences in the concentrations of Ca, Mg, |
and K in any plant part between nutrient treatments (data not shown).

DISCUSSION

Armillaria root disease was greatest and occurred earlier in the full-strength treatment compared to the
quarter-strength treatment. Seedlings in the quarter strength treatment were nutrient stressed as shown by the
significant difference in seedling height, diameter, and nutrient (N, P, S) content of the seedlings as compared to
the full strength seedlings. Increased Armillaria root disease has been observed in forest stands fertilized with N
(Rykowski 1981a, b, Entry et al. 1991b). Rykowski (1981a, b) found that the mortality of seedlings was higher in
two of three Scots pine plantations fertilized with N, P, K, Mg and Ca. Entry et al (1991b) observed the highest
rate of infection by A. ostoyae in a Douglas-fir stand thinned and fertilized with 360 kg N ha"' compared to
unthinned, unfertilized and thinned, unfertilized stands. In addition, a lifetable study of young lodgepole pine in
west-central Alberta found a greater incidence of Armillaria root disease on high productivity sites versus
medium and low productivity sites (Ives and Rentz 1993).

In contrast, severe nitrogen deficiency has been associated with a higher incidence of Armillaria root
disease (Entry et al. 1986, 1991a, Singh 1983). Under the severe N deficient conditions created in these studies,
seedlings may be more susceptible to Armillaria root disease. It is unlikely, however, such severe conditions
would exist in most forests. We provided sufficient N to maintain the seedlings, although growth in the quarter-
strength treatment was limited and the N concentration of the needles was in the range considered deficient
(Morrison 1974, Maynard and Fairbarns 1994). The contrasting results could also be due to other factors, such as
virulence of the A. ostoyae isolates involved, in addition to nutrient availability and the severity of the nutrient
stress.

Added N may increase Armillaria root disease by either effecting the chemical constituents of the tree
root as suggested by Entry et al. (1991a, b) or effecting the fungus directly. Entry et al (1991a, b) suggested
nutrient imbalances (either too little or too much) may have decreased the concentration of phenolic and lignin
compounds in root bark tissue while increasing the sugar content making the tree more susceptible to 4. ostoyae.
Conversely, the effect of the increased nutrients in the full-strength treatment may have been on the fungus’s
ability to use the food base in creating rhizomorphs or mycelia (in the case of root to inoculum piece contact) with
greater inoculum potential.

There was a trend for lower inoculum survival in the full-strength treatment than in the quarter-strength
treatment. The decrease in inoculum survival in the full-strength treatment may have been associated with an
increase in the populations of other soil microorganisms due to a higher concentration of soil nutrients (Alexander
1977, Cook and Baker 1983). These organisms may have been antagonistic to 4. ostoyae.

Edaphic factors such as nutrients may not only predispose seedlings to Armillaria root disease but may
affect inoculum quality. Abundant soil nutrients may increase the ability of 4. ostoyae to utilize its food base
quickly, possibly by decreasing the carbon to nitrogen ratio, creating a greater inoculum potential. Therefore,
seedlings growing on high productivity sites, with respect to nutrients, may be at greater risk of contracting
Armillaria root disease than seedlings growing on less productive sites. This will require further investigation,
however, before appropriate management prescriptions can be made for specific sites.
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Table 1. The effect of full- and quarter-strength Hoagland’s solution on Armillaria root disease in lodgepole pine
seedlings caused by two isolates of Armillaria ostoyae (NOF-1076 and NOF-898) three to twelve months after
inoculation.

Isolate  Fertilizer  Health Months after Total Percentage
treatment  Status inoculation (%)
3 6 9 12
NOF-1076 Full
strength  infected 1 0 4 7 12 21.8
dead 0 0 3 1 4 7.3
healthy 12 14 9 E 39 70.9
Total 13 14 16 12 55 100.0
NOF-1076  Quarter
strength  infected 0 1 4 2 7 L1:7
dead 0 0 2 2 4 6.6
healthy 15 13 9 12 49 81.7
Total 15 14 15 16 60 100.0
NOF-898 Full
strength  infected 0 5 0 3 8 22.2
dead 0 0 0 0 0 0.0
healthy 9 5 8 6 28 77.8
Total 9 10 8 9 36 100.0
NOF-898  Quarter
strength  infected 0 1 0 3 4 9.5
dead 0 0 0 0 0 0.0
healthy 10 6 13 9 38 90.5
Total 10 7 13 12 42 100.0

" Count Data
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Table 2. The effect of full- and quarter-strength Hoagland's solution on inoculum survival of two isolates of
Armillaria ostoyae (NOF-1076 and NOF-898).

Isolate  Fertilizer  Status Months after Total  Percentage
treatment inoculation (%)
3 6 9 12
NOF-1076 Full
strength inviable 3 2 0 4 9 14.1
viable 13 14 16 12 55 85.9
Total 16 16 16 16 64 100.0
NOF-1076  Quarter
strength inviable 1 2 1 0 4 6.2
viable 15 14 15 16 60 93.8
Total 16 16 16 16 64 100.0
NOF-898 Full
strength inviable 7 6 8 7 28 43.7
viable 9 10 8 9 36 56.3
Total 16 16 16 16 64 100.0
NOF-898 Quarter
strength inviable 4 9 3 - 20 32.3
viable 10 7 13 12 42 67.7
Total 14 16 16 16 62 100.0

" Count Data

Table 3. Total Nitrogen (N), Phosphorus (P), and Sulfur (S) concentrations (g kg™') in needles, stems, and roots
of 16-month-old lodgepole pine seedlings treated with quarter- and full-strength Hoagland's solution. Values are
means + standard error.

Nutrient Needles Stems Roots
Full Quarter Full Quarter Full Quarter
strength strength strength strength strength strength
N 13.58+0.43 7.38+0.40 1228 +042 572+039 13.38+0.50 5.13+0.47
P=0.000t P=0.0001 P=0.0001
P 1.53 +£0.04 0.87 +0.04 1.98 +£0.11 1.23+0.10 1.95+0.09 1.13+0.08
P=0.0001 P=0.0001 P=0.0001
S 2.07+0.12 1.51 +i0.11 1.70 = 0.08 1.25 +0.08 248 +0.11 1.47 £0.10
P=0.001 P=0.0002 P=0.0001

" P value for the comparison between full- and quarter-strength treatments
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Figure 1. Means of growth parameters of non-inoculated greenhouse-grown lodgepole pine seedlings treated with
full- and quarter-strength Hoagland’s solutions (sht. wt.= shoot weight, rt. wt. = root weight, hgt. = height, dia. =
diameter). Different letters for each growth parameter indicate a statistically significant difference (P = 0.05).
Vertical bars =+ 1 S.E.
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ABSTRACT
Five Armillaria species were identified in a nation-wide survey in Albania:

Armillaria mellea sensu stricto was found on several conifers and broad-leaved trees in most of the areas
examined, except the high altitudes (above 1100-1200 m) in northern Albania. It was found to cause some
damage to fir, oak, beech, chestnut, poplar, and hop hornbeam, and significant damage to fruit trees and
grapevine.

Armillaria gallica was common in conifer and broad-leafed-tree forests at altitudes from 600 m to 1600
m, less common at lower altitudes on oaks. The fungus is a weak parasite or a saprophyte of forest trees and was
only occasionally found on cultivated plants.

Armillaria ostoyae was rare in central and southern Albania, but is widely distributed in the forests of the
northern Albania, causing significant damage to several conifers at altitudes from 600 to 1800 m's', occasionally
also at lover altitudes. It was not found in fruit orchards and vineyards.

Armillaria cepistipes was recorded at high altitudes from 800 to 1800 m's', mostly as a saprophyte in
conifer and broad-leafed-tree forests, predominating in beech and Silver fir forests.

Armillaria tabescens was found mostly in oak forests at altitudes from 0 to 900 m. In fruit orchards, it
was occasionally found to cause disease on almond trees and pear trees (Prunus spp.).

Keywords: Agaricales, Armillaria mellea, A. gallica, A. tabescens A. ostoyae, A. cepistipes, compatibility test,
distribution, ecology, host preference

INTRODUCTION

Seven Armillaria species have been described in Europe. Six of them are wood-decay fungi with a wide
distribution and they are of great ecological and economical importance (Kile et al. 1991; Guillaumin et al. 1993).
The distribution and ecological characteristics of Armillaria species are fairly well known throughout western and
northern Europe, but limited information is available from eastern Europe and from the Balkan region, including
Albania.

Six Armillaria species have been reported from Slovenia, the northernmost Balkan country (Munda
1997), and five species have been found in the southernmost country, Greece (Tsopelas 1999). The rare European
species, A. ectypa (Fr.) Lamoure was not found in either of these countries, and 4. borealis Marxm. & Korhonen
was also absent in the material investigated from Greece.
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Five Armillaria species have been reported from Albania: 4. mellea sensu stricto (Vahl: Fr.) Kummer, 4.
gallica Marxm. & Romagn., A. tabescens (Scop.) Emel, A. ostoyae (Romagn.) Herink and A. cepistipes Velen.
Some aspects of their distribution and ecology have been published in preliminary reports in Albanian language
(Lushaj 1992; Lushaj and Shyti 1995; Intini and Lushaj 1998). The work reported here gives more detailed
information on the distribution, ecology and host range of Armillaria species in Albania. Furthermore, it focuses
on the damage caused by these fungi in different types of forests, fruit orchards and vineyards.

MATERIALS AND METHODS

Study sites and hosts

The presence of Armillaria species was investigated from 1990 to 2000, both in forest and agricultural
areas. Permanent experimental plots were established in many parts of Albania in different types of forests, fruit
orchards and vineyards at altitudes from sea level to 2100 m, at different levels of surveys. In addition, surveys
were made in all main districts of the country, from the Tropoje and Shkoder districts in the north to Kosove
borders in the east and to the Gjirokaster and Korge districts in the south, to Greece borders.

The surveyed forests, orchards and vineyards were selected and permanent sample plots were established,
for the first period, during the years 1992-1995, in a non-systematic manner in some areas, in the most attacked
trees (Lushaj 1992; Lushaj et al. 1995), and in a systematic manner on permanent sample monitoring plots by a
network gird 10 x 10 km of the National Assessment and Monitoring System in Albania, for the second and third
periods, during the years 1996-2000. The investigations concerned largely natural forests, while a limited number
of reforested areas were examined. Efforts were made to include many different forest types from several
locations. Altogether, 42 different forest areas were investigated, occurring in 40 mountainous forest areas (data
available from the author) and on two non-mountainous forest areas. The monitoring plots (50 x 50 m = 2500 m®)
were laid out on a grid 10 x 10 km, based on a statistically representative method. On each monitoring plot, 30
forest trees were examined for the presence of Armillaria sp. (Lushaj et al. 1996, 1997; Lushaj 1997, 2000).
Altogether, forest trees were investigated in 15 different areas of Albania, belonging to 15 districts. Fruit orchards
and vineyards were also investigated in 15 different areas of Albania, belonging to 15 districts.

Field observations and sample collection

The majority of collections were made at middle and high altitude coniferous forests consisting of Silver
fir (Abies alba L.), Greek fir (4. borisi-regis Malf.), Austrian black pine (Pinus nigra Am.), Scots pine (P.
sylvestris L.), Norway spruce (Picea abies (L.) Karst.), etc.

Deciduous forests, consisting mainly of several oak species, were examined at low and lower altitudes,
while beech (Fagus sylvatica L.) was examined at higher altitudes.

Hop hornbeam (Ostria carpinifolia Scop.), Aleppo pine (Pinus halepensis Mill.), poplar species (Populus
spp.), maritime pine (Pinus pinaster L.) and eucalyptus species (Eucalyptus spp.) were also growing in these
forests.

At the same time, the majority of collections were made at low and middle altitudes in fruit orchards and
vineyards.

Collections were made from a variety of hosts in these forests as well as in fruit orchards and vineyards.
Dead or unhealthy trees, wind-broken trees and cut trees were excavated, and the root collar and a number of
roots were inspected for the presence of the characteristic mycelial mats of Armillaria under the bark and/or
rhizomorphs on the roots. Samples of decayed wood tree bark and rhizomorphs were collected. The presence of
basidiocarps was noted and it was recorded whether they were associated with dead or living trees, stumps or
wood debris in the ground. The location and altitude were recorded and notes were taken on the condition of the
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host, with reference to apparent pathogenicity of the fungus and presence of obvious stress factors (Blodgett and
Worrall 1992).

During the study years, over 2500 living or dead trees and 600 stumps were investigated in forests, fruit
orchards and vineyards of Albania.

Culture media and incubation conditions

[solations from basidiospores, wood samples and rhizomorphs were made on potato dextrose agar (PDA)
amended with fungicides and antibiotics, on malt extract agar 3% (MEA) and on carrot agar (CA) in Petri plates
(Intini and Gabucci 1987; Guillaumin ez al.1989). Morphological studies of diploid cultures were performed on
all these culture media. Monosporous isolations were made on 1-2% MEA (Difco, Detroit MI). All the cultures
were incubated in darkness at 24°C.

In order to produce basidiocarps in vitro, two types of substrates were used in 500 ml Erlenmeyer flasks:
(a) about 100 g of small pieces of oak branches (1.5-2.5 cm in diameter and 2-3 cm long) in 150 ml of deionised
water; and (b) a complex medium, consisting of 25 g whole grain rise, 15 g of beech or oak sawdust and 230 ml
of 0.5% peptone solution in deionised water (Intini 1991; Tirrd 1991). The substrates were autoclaved two times
at 121°C for 1 h with 24-h interval. After inoculation with the vegetative mycelia of Armillaria species the flasks
were incubated in the darkness at 24°C for about 1.5 month. The temperature was then lowered to 15°C and the
cultures were exposed to light with a photoperiod of 11-h (Guillaumin et al. 1989; Tirro and Intini 1989; Tirro
1991; Intini 1993).

Isolations

Small chips from newly exposed wood, mycelial mats or basidiocarps were plated directly on the surface
of PDA, CA or MEA medium. Rhizomorphs were surface sterilized in a solution of NaOClI and 20% ethanol for
2-3 min., then rinsed with sterile water and plated on PDA, CA and MEA (Blodgett and Worrall 1992).

Monosporous cultures were isolated both from basidiocarps collected in the field and from those
developed in vitro. Sporulating caps were placed on the lid of a plastic Petri plate (9 cm), in which an opening had
been made with a hot surgical blade. Basidiospores were allowed to settle on the surface of the MEA through this
opening. After incubation for 24 h, single germinated spores were picked up under a microscope and transferred
to a fresh MEA medium with a modified Pasteur pipette (Korhonen and Hintikka 1980).

Pairings

Haploid and diploid isolates were identified in compatibility tests with known haploid tester strains of the
European Armillaria species (Korhonen 1978; Guillaumin et al.1991). In total, about 40 haploid testers were used
in this study; most of them originated from Italy and other European countries, some were from Albania. Each
unknown isolate was paired with at least three different tester strains of each Armillaria species. Pairings were
performed by placing two inocula 1-2 mm apart on the surface of the medium (two pairings per plate). Inocula
were taken from the margin of a growing culture with the aid of a modified Pasteur pipette (Korhonen and
Hintikka 1980). These inocula were cylinders of agar medium approximately | mm in diameter and 2 mm in
length. They contained mainly submerged mycelium without crust or rhizomorphs and little aerial mycelium (in
initial experiments where the diploid inocula with the dense crustose mycelium were used the mating reaction was
not always clear).

In haploid-haploid pairings, 3-4 weeks of incubation were sufficient for the observation of the mating
reaction, while in the diploid-haploid pairings the time of incubation was prolonged sometimes up to 6 weeks or
more (Guillaumin et al. 1991). Before mating tests, diploid cultures of many isolates were preliminarily identified
on the basis of culture morphology, so the number of tester strains in diploid-haploid pairings could be reduced to
two or three Armillaria species.
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In case the results were not clear in diploid-haploid confrontations, the pairings were repeated using new
tester strains (Guillaumin et al. 1991). Also, in some of these pairings, two to three plugs were taken from the side
of the haploid testers (3-5 mm past the confrontation line) and they were subcultured in a plate together with the
haploid tester. The morphology of these two subcultures, in relation to the reduction in the amount of aerial
mycelium, was compared after 2 weeks incubation (Rizzo and Harrington 1992).

RESULTS
Field observations

The surveys carried out during the study years revealed that the average frequency of Armillaria disease
was 4% for forests and 6% for orchards. In forests of fir, beech, chestnut, oaks, pine and poplar, the infection
frequency was up to 15%, and the incidence of damage (decline) was ranked to the first class (Lushaj et al. 1996,
1997, 1998; Lushaj 1997, 2000, 2001a, b).

Fructification in vitro

All the five Albanian Armillaria species, A. mellea, A.gallica, A. ostoyae, A.cepistipes and A. tabescens,
produced basidiocarps and some of them only primordia, in vitro. Basidiocarps were produced on both types of
media, but fruiting was more frequent in the complex medium that contained rice, sawdust and peptone. All
isolates of A. tabescens and A. ostoyae fruited on both types of media, but only 31% of A. cepistipes, 26% of A.
gallica and 18% of A. mellea isolates fruited, and the fruiting took place only on the complex medium.
Basidiocarps developed usually 1-2 months after the cultures were exposed to light, but certain cultures fruited
only after 4-7 months incubation in light conditions.

Species identification

A number of collections were identified in the field on the basis of basidiocarp morphology. Basidiocarps
were usually observed in October, November and early December. However, the level of fruiting of Armillaria
was low during most years of survey. An abundance of basidiocarps was observed in certain areas of Albania
during October-November in 1996 and 1997, as a result of early rains.

The majorities of Armillaria cultures were isolated from vegetative organs and were considered diploid.
Therefore, the species identification was mainly based on diploid-haploid pairings. When monosporous isolates
were available, either from natural or cultivated fruit bodies, they were identified in haploid - haploid pairings. In
most cases, these pairings verified the species identification that was based on the morphology of the
basidiocarps. Identification of most Armillaria isolates was also possible on the basis of morphological
characteristics of diploid isolates on MEA, CA and PDA culture media (Fig. 1).

In total, 576 Armillaria isolates were identified from 43 different host species (Tables 1 and 2). Of them,
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