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Relative abundance and potential dispersal range
of intersterility groups of Heterobasidion annosum
in pure and mixed forests

Paolo Gonthier, Matteo Garbelotto, Giovanna Cristina Varese, and Giovanni
Nicolotti

Abstract: In Europe the forest pathogétheterobasidion annosurgFr.) Bref. includes the S, P, and F intersterility

groups (ISGs), each displaying a preferential specialization on Norway spPiea(abies(L.) Karst.), pine, and silver

fir (Abies albaMill.), respectively. In this paper, we present data abaputH; annosumSGs frequency in different fer

est types, i{) the degree of host specificity of each I1S@j)(the significance of the potential movement of airborne
spores among forests, anit)(the occurrence of S—P chimeras in the northwestern Alps. Using woody spore traps, we
sampled natural pure spruce and fir forests and a mixed spruce—fir forest. The ISG of 582 spores was determined by
ISG-diagnostic taxon-specific competitive priming (TSCP) polymerase chain reaction (PCR) combined with PCR-
mediated detection of ISG-specific introns in the ML5—-ML6 DNA region of the mitochondrial large ribosomal RNA

(mt LrRNA). All three 1ISGs were found, and a strong correlation was observed between the F ISG and fir and the S
ISG and spruce. In the mixed forest, no clear relationship between tree host species and host-specialized ISGs was
found. In spite of a relative dominance of fir in the overstory of the mixed stand, the fir-associated F ISG represented
only 11% of the total number of spores collected. This discrepancy was explained by the recent establishment of firs at
this site. No S—P nuclear-mitochondrial chimeras were found. This suggests limited gene flow between these ISGs.

Key words Heterobasidion annosunhost specificity, ISGs, gene flow, PCR, Alps.

Résumé :L'Heterobasidion annosurgFr.) Bref. est constitué en Europe par les groupes d’interstérilité (ISGs) S, P et

F qui montrent une specialisation préférentielle respectivement sur I'épicéa confivea @bies(L.) Karst.), les pins

et le sapin pectinéAbies albaMill.). Les auteurs ont étudié, dans les Alpes Nord-occidentadle (fréquence des

ISGs dans différents types de foréii) (eur degré de spécificité envers leurs hotéis) (e mouvement potentiel de spo-

res entre les foréts eiv I'existence de chimeres nucléaires-mitochondriales S—P. Des spores ont été récoltées en dis-
posant des rondelles-pieges dans des foréts pures d'épicéa et de sapin et dans une forét mixte des deux espéces. L'ISG
de 582 spores a été determiné au moyen du ISG diagnostique basé sur un amorgcage compétitif avec amorces spécifi
ques pour chaque taxon (TSCP) par réaction de polymérisation en chaine (PCR) combiné avec la détection d’introns
spécifiques effectués dans la région de 'ADN ML5-ML6 du grand gene ARN mitochondrial ribosomal (mt LrRNA).
Les trois groupes ont été retrouvés et une forte spécificité a été observée entre le groupe F et le sapin, et entre le
groupe S et I'épicéa. Dans la formation mixte, la fréquence des ISG n’était pas liée a celle de leur hote principal :
malgré la forte présence du sapin, les spores F représentaient seulement 11% des spores récoltées, probablement a
cause de la récente implantation du sapin dans cette forét. Aucune chimere nucléaire-mitochondriale S—P n'a été de
tectée et ceci indiquerait un flux génétique limité entre ces ISGs.

Mots clés: Heterobasidion annosunspécificité d’hote, 1ISGs, flux génétique, PCR, Alpes.

Introduction

Received February 6, 2001. Published on the NRC Research Heterobasidion annosur(Fr.) Bref. is the most serious
Press Web site at http://canjbot.nrc.ca on August 29, 2001. forest pathogen on conifers in the north temperate zone
P. Gonthier and G. Nicolotti.X University of Torino, (Woodward et al. 1998). The fungus infects its hosts by
Department for the Exploitation and Protection of means of spores through fresh cut stumps or wounds and
Agricultural and Forestry Resources (Di.Va.P.R.A.), Plant ~ SPreads through the root system to uninfected surrounding
Pathology, Via L. da Vinci 44, I-10095, Grugliasco, ltaly. trees, causing root and (or) butt rot.

M. Garbelotto. University of California, Berkeley, This basidiomycete is regarded as a species complex, in
Department of Environmental Science, Policy and cluding at least five allopatrically and sympatrically differenti
Management, Ecosystem Sciences Division (ESPM-ES), ated intersterility groups (ISGs) (Otrosina et al. 1993): the S,
Berkeley, CA 94720, U.S.A. F, and P ISGs in Eurasia and the S and P ISGs in North
giﬁbéarsfaﬁéu&';ﬁ{g;:yzgf IT-S(I;)I;.](Z)% D'I?grailnztom?trglyd Plant America (Korhonen 1978; Chase and Ullrich 1988; Capretti
' ' ’ ' : et al. 1990). ISGs have recently been proposed as taxonomic
ICorresponding author (e-mail: nicolotti@agraria.unito.it). species with the following namekteterobasidion parviporum
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Niemela & Korhonen (ISG S)Heterobasidion abietinum found in stands where their preferred hosts are absent. This
Niemela & Korhonen (ISG F), anHleterobasidion annosum observation is generally attributed to the presence of such
(Fr.) Bref. (ISG P) (Niemelda and Korhonen 1998). In thehosts in previous rotations or to the adaptation of an ISG to
H. annosumcomplex, interfertility is determined by at least a secondary host (Korhonen et al. 1998). This observation
five genes. Homozygosity for a “+” allele at any of the five also underlines the fact that forests should not be considered
loci is a prerequisite to the formation of a dikaryon (Chaseas stable coenoses, since they are subject to slow and -contin
and Ullrich 199®). uous evolutionary processes and to more rapid changes due

ISGs are biological species among which gene flow is alto rare natural catastrophic events or to human activities. We
most absent (Burnett 1983). Although in vitro experimentsdefine as dynamic those forests where stand structure and
have shown that itH. annosumintersterility barriers are not composition have been undergoing rapid changes in associa
complete (Chase and Ullrich 1980Korhonen et al. 1992), in tion with human forest management. There is still limited in
nature sexual incompatibility seems to be quite strictformation on how forest dynamic processes may affect the
(Otrosina et al. 1992; Stenlid et al. 1994). Several studiepopulation and ISG structure ¢f. annosum
have shown absence of inter-ISG gene flow in Europe Studies on pathogen specificity in forest habitats have
(Stenlid and Karlsson 1991; Garbelotto et al. 1998). Hybriddeen executed mostly by sampling colonized wood and (or)
among ISGs (e.g., S—P hybrids) have been found only once ifiuit bodies. Our approach has been to determine ISG cempo
North America (Garbelotto et al. 1986 Negative selection sition from the air spora, because of the essential role played
of hybrids is one of the mechanisms involved in sympatricby the spores in the biology df. annosum(Rishbeth 1951;
speciation processes, since hybridization may result in-progSwedjemark and Stenlid 1993; Vasiliauskas and Stenlid 1998;
eny less fit than either parental types in their respective preGarbelotto et al. 1999). One of the added benefits of this ap
ferred niches (Butlin 1989; Garbelotto et al. 1826 proach is the reduced bias due to nonsystematic and (or) in

Heterobasidion annosuimas been reported from more than complete sampling, which often occurs when results are
200 species of woody plants, but it is most commonly foundoased on collections from hosts.
in Europe on Norway sprucé’icea abieqL.) Karst.), pines, The objectives of this study in the northwestern Alps were
and silver fir @bies albaMill.) trees. Intersterility barriers in  the following: () to investigate the presence of different
a species complex are often associated with the developmeHt annosumSGs and the correlation between ISG and pref-
of host specificity or preference (Burnett 1983). In Europeerential host frequencies in stable natural pure spruce and fir
H. annosumP type is typically associated with mortality of forests (i.e., forests with a stable tree host composition);
trees in the genuBinus(i.e., mostly ofPinus sylvestrigrees),  (ii) to compare ISG frequencies in adjacent forests that differ
but it can also be found oRicea Juniperus and even on in tree composition;if) to assess the relationship between
some deciduous trees (i.&etuld. ISG S is commonly asso- host composition and ISG structure of the pathogen in a
ciated with butt rot on spruce, but occasionally it may kill mixed dynamic spruce—fir forest (i.e., a forest whose tree
P. sylvestrissaplings and attack exotics. The F type ofspecies composition is changing rapidly); amd) ¢o study
H. annosuntauses, according to the provenance, butt or roothe potential for gene flow among ISGs present in the same
rot on trees of the genushies(i.e., mostly ofA. albg), but it  forest by searching for fungal genotypes bearing the nucleus
has also been reported from other coniferous and deciduous one ISG and the mitochondrial genome of another I1SG.
genera (Korhonen et al. 1998).

The European distribution of ISGs reflects that of the for
ests of their native main hosts. ISG S is found from northerrMaterials and methods
parts of Finland to Bulgaria, France, and the southern Alps.
ISG P is found from southern Italy to central Sweden, whileStudy sites and sample collection
ISG F has been found in fir forests of the Italian Apennines, The experiments were performed in 1998-1999 in four natural
the Alps, the Balkans, central France, and recently in Polanéprests. A pure fir forest in Chiusa Pesio (Cuneo), a forest with
(Korhonen et al. 1998; Kowalski and Lakomy 1998). Whereabout 95% fir (Jovencan, Aosta), a pure spruce forest (Charvensod,
ihe host ranges overiap (i, in he Alps) all hree 155 caf?™2) &) 2 Txed soicer Tt e coeross (umavies,
be foynd (Barzanti and Capreti 1.9972 La Porta and Ambros\'/vithin 5 km of one another on the same mountain slope, thus-mini
1998; La Porta 199,9,)'_ However, little IS kn_OW,n ,abOUt the de mizing variability due to distance or aspect. In the dynamic forest,
gree of host specificity of each ISG in individual natural fir has been replacing spruce over the last 40 years, turning a pure
stands. The issue of host specificity is complex because okpruce stand into a mixed spruce—fir coenosis (Table 1).
tenH. annosumSGs can be found on hosts that are not-con |n each forest, two permanent plots were established approxi
sidered to be the preferential ones, especially in areasiately 100 m from each other. Each plot was characterized by 3
outside the natural distribution of the host species (Korhonetransects, each including 3 collection points (Fig. 1). The transects
et al. 1992, 1998; Capretti et al. 1994; Korhonen and Pirccrossed, according to the forest density, between 6 and 9 trees
1994; Barzanti and Capretti 1997; Vasiliauskas and Stenli§with a diameter at breast height (1.3 m) >17.5 cm).
1998). In general, it would be more appropriate to use the Spores ofH. annosumwere trapped using the wood-disk expo

PN ure method (James and Cobb 1984), modified as follows. Wood
E;rsrg E?ftt‘ndare;?]rr?ggfnihoagptlg)e( term host specificity in thédisks, 11-13 cm diameter and about 1.5 cm thick, cut the day be

. . . . . fore their exposure in the forest from living, healthy spruce (sites 3
Disease development is related to site history. Incidenc@ng 4y and fir (sites 1, 2, and 4), were sprayed after bark removal
of H. annosumis generally higher in planted stands than inwith 65% ethanol. Disks were placed singly in Petri dishes (15-cm
natural forests (Graber 1994) and increases with successivam.) that also contained a sterile piece of filter paper dampened
rotations (Stenlid and Redfern 1998). Sometimes, ISGs areith 3.5 mL of sterile water to prevent drying during exposure.
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Table 1. Main features of the forests investigated.

Other

Last

Forest

Incidence of

% comp. disease (%

100

Tree host

Mean annual
rainfall (mm)

1445

Elevation

species

thinning

?

structure

\
J

Species*

(m as.l)
1042

Exposui

NwW

Lat., long.

Location

Corylus,

Uneven-aged

50

A. alba (100)

44°1246.78N,

1. Chiusa

Sambucus,

by groups

Pesio, Cuneo 4°4736.63W

Laburnum,
Sorbus
Larix,

(Roma 40)

1995

Irregular to

50

95
5

1090 700 alba (105)

N

45°4219.48N,
7°171.7TW

2. Jovencan,

Juniperus,
Populus,
Betula
Larix,

uneven-aged
by groups

P. abies(110)

Aosta

(Heyford ED50)

1997

Irregular to

30

100

P. abies(100)

1780 700

NW

N

45°4140.93N,
7°1935.92W

3. Charvensod,

Pinus,

uneven-aged
by groups

Aosta

Alnus,

(Heyford ED50)

Sorbus
Larix,

Irregular ?

50

50
40

700 alba (55)

1475

NNW

45°4125.88N,
7°1830.48W

4. Aymavilles,

Juniperus,
Populus,
Betula

P. abies (115)

Aosta

10

P. sylvestris (80)

(Heyford ED50)

*Oldest tree of this species is given in parentheses.
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Fig. 1. Placement of spore traps in our permanent plot.
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Sets of open Petri dishes, one dish per exposure point, were
placed on the ground or on snow for 24 h starting at 8 a.m. One
collection per season was performed (April, July, October, and
February), during periods with no rain and no wind. Three closed
Petri dishes were included as controls at each collection time to
check for possible contamination caused by eitdeannosurmiso-
lates already present in the wood disks used as traps or airborne
spores that landed on the wood during trap preparation.

After exposure, filter papers were replaced and dampened with
3 mL of sterile water. Disks were then sprayed with a benomyl so-
lution (0.010 g benomyl, 50QL methano] 1 L sterile water) and
incubated at about 24°C for 10-12 days.

Isolations were made under a dissecting microscope (20x mag-
nification) by transferring infected wood pieces or hyphae of
H. annosumin its conidial stage $pinige) from distinct colonies
on the wood surface onto Petri dishes filled with a PCNB-based se-
lective medium forH. annosum(5 g bacto-peptone, 20 g agar,
0.25 g MgSQ, 0.5 g KH,PGO,, 190 ppm pentachloronitrobenzene,
100 ppm streptomycin, 2 mL lactic acid 50%, 20 mL ethyl alcohol
95%, 1 L distilled water) (Kuhlman and Hendrix 1962). When
three or more colonies per disk were visible, three randomly cho
sen colonies were isolated. All isolates were subsequently grown at
24°C on 5-cm Petri dishes filled with MEA (20 g malt extract, 20 g
glucose, 2 g peptone, 20 g agar, 1 L distilled water).

DNA extractions

DNA extractions were made by the CTAB (cetyltrimethyl
ammonium bromide) extraction method described by Gardes and
Bruns (1993) and modified as follows) fungal material was pre
pared by microwaving Petri dishes for about 2 min; mycelia were
then harvested with tweezers, blotted with sterile paper, and put
into 1.5 mL Eppendorf tubes; andi)(after the ethanol precipita
tion step, DNA pellets were resuspended inggOof 0.1 TE buffer
(1 mM Tris, pH 8; 0.1 mM EDTA, pH 8). A 1:100 standard dilu
tion in PCR water, which had been filtered twice (i.e., @M) and
autoclaved, was used for each polymerase chain reaction (PCR).

PCR primers and DNA amplification conditions for the
mitochondrial 1SG-diagnostic TSCP-PCR

A two-step process was used to determine the ISG of 582
spores. First, to distinguish between S and non-S isolates, a taxon
specific competitive priming (TSCP) PCR (Garbelotto et al. 1996
was conducted in the ML5—-ML6 DNA region of the mitochondrial
large ribosomal RNA gene (mt LrRNA) using the primers MLS,
MLF, and Mito 5 (Garbelotto et al. 1998) (Fig. 2).
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Fig. 2. TSCP-PCR diagnosis in the ML5-ML6 DNA region of Fig. 3. PCR-mediated intron detection of ISG-specific introns in
the mitochondrial LrRNA gene. Amplicons were electrophoresed the ML5—ML6 DNA region of the mitochondrial LrRNA gene.

on a 2.5% metaphor agarose gel. First and last lanes are DNA Electrophoresis was performed in 1.5% agarose gels. First and
molecular standards (100-bp ladder); lanes 4, 10, 17, and 22 ardast lanes are DNA molecular standards (100-bp ladder); lanes 2
S ISG isolates; the other lanes are non-S ISG isolates; lane 23 i® 6 are F ISG isolates; lane 8 a P ISG isolate;: and lane 8 is
the negative control. the negative control.

1.5 kbp

P 300 bp
500 bp

. | 200 by

o ...‘.‘.‘..‘. - P
100 bp

100 bp

Since ISG F can be distinguished from }he int_ronless ISG P b_eanalysis was performed by determining the ISG of all S and P
cause of the presence of a 1.6- or 1.8-kb intron in the same regiof|ates both from mitochondrial and nuclear markers and by com-
of the mltochondrlal DNA (Garbelotto et al. 1998), the second StePparing results of the two analyses. Although the European S and F
was to determine the presence of those specific introns. For thissgs are the two closest related taxa in Hieterobasidioncom-
purpose, two primers named Mito 7{8CC AAT TTA TTT TGC  pjex (Korhonen et al. 1992; Otrosina et al. 1993), we decided to
TAC C-3) and Mito 8 (5GCG GTG TAA TAA AAT CGG-3)  gyydy inter-ISG gene flow between only the S and P ISGs for two
were designed based on conserved parts of the exon sequeng&sons. First, it has been shown that there are very strong mating
flanking the intron termini (Fig. 3). Amplifications were performed pyriers between S and F isolates when the two ISGs are sympatric
in volumes of 25L congalnlng 10 mM Tris (pH 8.3), 50 MM KCl,  (capretti et al. 1990; Garbelotto et al. 1998). Second, data pre
2.5 mM MgCl, 0.001% gelatin, 20QuM of each dNTP (U.S.  gented in this study clearly indicates little host overlap between the
Biochemicals, Cleveland, Ohio), 0.5 units dkq polymerase g and the F ISG. In fact, S spores are almost absent in pure fir for
(Promega, Madison, Wisc.), O of each primer, and 1-25 ng of ests and F spores are absent in pure spruce stands.

genomic DNA. Reactions were conducted in a Techne PHC-100 The complete internal transcribed spacer (ITS) region of S and P

thermal cycler programmed for an initial 1.5 min denaturation at. . . - o -
94°C followed by 35 cycles of denaturation (1 min, 92°C), anneal isolates was amplified with the primer combination ITS 1F-ITS 4

; . o . ; v : -~ (Gardes and Bruns 1993). Amplification conditions were as above.
ing (1 min, 53°C), and extension (3 min, 72°C). A final extension ITS amplicons were digested with the restriction enzyBa|
of 10 min followed the 35 cycles.

Amplification products were analvzed by electrophoresis as fol (Roche Molecular Biochemicals, Indianapolis, Ind.) and loaded
P P y y P onto a 1.8% agarose gel, electrophoresed in 0.5x TAE at 3.4°V-cm

lows. For the first step they were run in 2.5% metaphor agarose ¢ : : . o . :
- . . . or 1 h 20 min, andstained with ethidium bromide as described
?ﬁésE()Fa'\fg \B/'.céﬁ;??grc?ﬁc;ﬁlﬁf?gﬁ t'}’}':'gg():(')?] jztlr'stﬂzorsjgrgﬁr above. While there are nBanll restriction sites in the ITS region
’ p they of P isolates, there is one restriction site in the ITS of S isolates,

in 1.5% agarose gels (Nu-Sieve, FMC Bioproducts, Rockland N ; f
Maine) in 1x Tris—acetate buffer (TAE) at 3.4 V-chfor 1 h. Both Ile:is;'tl{;g in two fragments sized approximately 180 and 510 bp

gels were stained with ethidium bromide.
To confirm the molecular typing, mating tests were performed
by pairing 10% of isolates randomly chosen from each plot withData interpretation and statistical analysis
homokaryotic testers (T4, T5, T6 (provided by Paolo Capretti), p£roquencies of ISGs in each study site were expressed both
A2r, A27r, and A66r) as described by Stenlid and Karlsson (1991). jy 55 (tqhe percentage of spores of either ISG of the tot%l number of
. . . spores collected andi) as the percentage of disks hit by at least
PCR primers and DNA amplification conditions for the one spore of either ISG of the total number of disks colonized by
PCR-restriction fragment length polymorphism (RFLP) H. annosunspores. Data were used cumulatively for the four col
on ITS lection times to best express the yearly potential of each ISG to
To check for the occurrence of inter-ISG hybridization, we sporulate. We are currently investigating seasonal variations in the
searched for the presence of nuclear—mitochondrial chimeras. Thigporulation activity of each ISG.
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Fig. 4. PCR RFLP in the ITS 1F-ITS 4 DNA region of the nu Fig. 5. Northwestern AlpsHeterobasidion annosusGs fre
clear genome. Amplicons were digested with the restriction en quencies in pure fir and spruce forests based on spores collected
zyme Banll and electrophoresed in 1.8% agarose gels. First and in six transects per forest (see text). Diagonal and vertical line
last lanes are DNA molecular standards (100-bp ladder); lanes 2shading respectively show the yearly cumulative percentage of
to 11 and 13 are P ISG isolates; lanes 12 and 14 to 20 are S (i) spores of each one of the three ISGs amydisks hit by at
ISG isolates. least one spore of each ISG. The variation bars correspond to
SD. Columns with the same line shading were compared by
1.5 kbp ANOVA — Tukey HSD test for i), and by the Mann-Whitney
test for (i) (P < 0.01).

Chiusa Pesio

§oook BABRRL aghil

500 bp
(a)

b

: L] 8w % 100 n =77 spores
C
l 100 bp g 80
£ 60 —
2 40 B
=
S 20 3 —
P S 8 | i ‘
ISG-S spruce ISG-P  pine ISG-F fir
Statistics for the comparison among ISG frequencies within and
for either ISG among the study sites were performed by transect Jovengan
and comparedi) by analysis of variance with the Tukey’s honestly (b)
significant difference (HSD) test andi) by the nonparametric § 100 n =223 spores
Mann—-WhitneyU test, usingP = 0.05 andP = 0.01. The correla g 80
tion between hosts and host-specific ISG frequencies for the evalu- q%
ation of host specificity in stable and dynamic forests was assessed = 60 .
by the pairwise correlation test. The Spearman’s rank-order corre- g 40
lation test and the Kendall's test were also performed to analyze 2 ,, |
host—pathogen correlation (data not shown). Statistical analyses ¢
were performed using StatSoft Inc. (1993) and SAS Institute Inc. 2 0 78 ce T 1s6p pme | 1S6F  fir
(1997).
Results (c) Charvensod
b b
Airborne spores oH. annosunwere found at all four col- 81007 n =59 spares
lection times in Chiusa Pesio, while no spores were trapped § 8o -
in February in the three sites in the Aosta Valley. The high  § 4/ |
est inoculum density was recorded in the sampling of July in % [E preferential hos{
all the forests; data from the two plots within the same forest £ 407
show significant differences only in Charvensddl< 0.05). S 20
Inoculum density ranged from 55 to 109 spore%-mt in 2 ) 2=am’ 2 ,
ISG-S  spruce  ISG-P  pine ISGF  fir

Chiusa Pesio, from 42 to 442 spores4ir? in Jovencan,
from 0 to 169 spores-TAtrt in Charvensod, and from 67 to
669 spores-nt-Ir! in Aymavilles. Seventy-seven of 2042 colonized byH. annosunspores (Spearmam= 0.9983,P <
trapped spores were analyzed for the ISG typing in Chius®.0001; T = 0.9924, P < 0.0001; pairwise correlation =
Pesio, 223 of 3604 for Jovengan, 223 of 3235 for0.9592,P < 0.0001).

Aymavilles, and 59 of 714 for Charvensod. ISG frequencies In terms of percentage of spores of each ISG of the total
of the yearly cumulative data were always concordant witnumber of spores collected, in almost pure and pure fir for
data from each collection time. Moreover, the percentage oésts the frequency of the F ISG ranged from about 80% up
disks colonized by each ISG of the total number of disks exto 96% (Figs. & and ®). Where fir represented 100% of
posed in periods wheH. annosunspores were present gen host species susceptible tdeterobasidion(Chiusa Pesio),
erally did not differ significantly between the two plots of the S and P ISGs had a combined frequency lower than 4%.
each forest. Significant differenceB € 0.05) have been re In fir forests where spruce was sporadically present
corded exclusively where the abundance of the ISGs waflovencan), S and P frequencies were 8% and 13%, respec
low (i.e., S ISG in Jovengan and F ISG in Aymavilles). No tively. In the pure spruce forest (Figch 99% of the spores

H. annosunxcolonies were observed on control disks. were S, and no F spores were trapped.

In three of the four study sites, all three European ISGs In terms of percentage of disks hit by at least one spore of
were found. ISG frequencies were analogous whether exeither ISG of the total number of disks colonized by
pressed in terms of percentage of spores of each ISG of thd. annosunspores, the F and S ISG frequency fully match
total number of spores collected or in terms of disks hit bythat of their preferential hosts in pure fir and spruce forests
at least one spore of either ISG of the total number of disk§100% F vs. 100% fir in Chiusa Pesio, and 100% S vs.
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Table 2. Statistical analysis for the assessment of the correlationFig. 6. Northwestern AlpsHeterobasidion annosu8Gs fre
between relative frequencies of hosts and host-specific ISGs of quencies in a mixed dynamic spruce—fir forest based on spores
Heterobasidion annosuiim stable and dynamic forests. collected in six transects per forest (see text). Diagonal and ver
tical line shading respectively show the yearly cumulative- per
centage of ij spores of each one of the three ISGs aing disks

Pairwise correlation test

Forests Value Countnf P hit by at least one spore of each ISG. The variation bars €orre
Stable forests spond to SD. Columns with the same line shading were-com
Chiusa Pesio 0.9996 3 0.018 Pared by ANOVA — Tukey HSD test fori), and by the Mann-
Jovencan 0.9946 3 0.066  Whitney U test for (i) (P < 0.01).
Charvensod 0.9999 3 0.008 Aymavilles
Total 0.9922 9 0.001
Dynamic forests g 100 . n =223 spores
Aymavilles 0.0194 3 0.9877 § 80 17 "

£ 60

%,
100% spruce in Charvensod) (Fige &1d ). In the almost 2
pure fir forest, the F ISG was present in 91% of the disks 3 207

(vs. 95% fir), while the P and S ISGs were present in 34% 0 4 spruce
and 28% of the disks, respectively (Figy)5

Statistics for the comparison between frequencies of ho ; ;
and host-specific ISGs in each forest and, globally, betwee%ﬁ;%?ylsmates was necessary to observe clamp connections
stable and dynamic forests are given in Table 2 (only hos '
specificity is shown expressed in terms of percentage of.. .
spores of each ISG of the total number of spores collected)?1SCUSSIon

In the completely pure forests, significant positive correla- Al three European ISGs dfl. annosurrhave been found
tions (P < 0.05) between ISG and preferential host frequenyn 3 few countries of central and southern Europe (Korhonen
cies were found. In the almost pure fir forest in Jovencan theyt a|. 1998; La Porta et al. 1998), including parts of the Al-
correlation was significant aP < 0.10. In the mixed dy- pine range (Barzanti and Capretti 1997). At the individual
namic forest no significant relationship between tree hosforest stand level, the concomitant presence of two ISGs has
species and host-specialized ISGs was found. In spite of Been reported both in southern and in northern Europe
relative dominance of fil’, the F ISG represented Only 11% Of(Capretti et al. 1990, Munda 19941 Korhonen and Piri 1994)
the total number of spores collected and 34% of disks COIORecen“y, the first case of co-occurrence of all European
nized byH annosumspores. These frequenCieS were S|gn|f|'H annosumgroups in a Very |arge p|anted Stand’ encom-
cantly lower than S frequencies (64% spores, 81% diskshassing different forest types, has been reported for the east-
(Fig. 6). ern Alps (La Porta 1999). In our study, all three ISGs have
Frequency values of S and F ISGs differed significantlyheen found within a few square metres in the same forest. To
among adjacent forests in the Aosta Valléy< 0.01), while  our knowledge, this is the first evidence of co-occurrence of
the frequency of P spores showed significant differences only|| |1SGs in natural coenoses.
in the comparison between Charvensod and Aymavilles. Heterobasidion annosumir spora was present year-round
The P ISG was the only group present in all the sampledn Chiusa Pesio. Spores were absent in the winter sampling
forests. Frequency of P spores, expressed either as a perceat all three study sites in the Aosta Valley. Lack of
age of the total number of spores collected or as disks hit bgporulation during the winter has been reported from the
at least one spore of the total number of disks colonized byscandinavian countries (Kallio and Hallaksela 1979;
H. annosumspores, was low in both pure spruce and fir Brandtberg et al. 1996) and may be due to low winter-tem
coenoses, while it increased significantly € 0.05) in the peratures (Morrison et al. 1986, in Redfern and Stenlid
mixed dynamic forest (Aymavilles) where Scots pine trees1998). In contrast, winter sporulation in areas like Chiusa
are present. Pesio may be linked to higher temperatures and rainfalls.
Nuclear PCR-RFLP typing on 243 S and P spores-indi In stable pure spruce and fir forests, host preference of the
cated the absence of nuclear—mitochondrial chimeras. I8 and F ISGs was very strict: at least 96% of the trapped
100% of the cases, nuclear typing confirmed the mitoehonspores belonged to an ISG whose preferred host was present
drial characterization. in each forest and there was a direct proportionality between
Isolates randomly chosen for sexual compatibility testshe percentage of ISG and the percentage of each ISG pref
were all homokaryotic. Interfertility tests fully confirmed the erential host in each forest. These results, obtained with a
molecular characterization. Using testers T4, T5, and Téovel and systematic sampling approach, are in accordance
(not collected from the western Alps), results of pairingswith those obtained by direct sampling (Korhonen et al.
were difficult to evaluate because of the scant production 0f992; Capretti et al. 1994; Munda 1994; Tsopelas and
clamp connections. The use of testers collected irKorhonen 1996; La Porta et al. 1998). In the Alpine area,
Aymavilles (A2r, A27r, and A66r) greatly facilitated the ISG Barzanti and Capretti (1997) reported that 80.8% of the iso
typing. No inter-ISG matings were observed in any of thelates fromP. abiesbelonged to the S ISG and that 93.8% of
pairings. In about 30% of the cases, the subculturing of thehe isolates fromA. alba were typed as F.

ISG-P pine ISG-F fir
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Low frequencies of nonspecific ISGs (e.g., S and P) in theoperations, the presence of basidiospore-producing fruit
pure fir forest of Chiusa Pesio, where the host species pre®odies increases the risk of stump infection within but not
ent appears to be susceptible only to the F group, may bketween forests (Stenlid 1994; Mdykkynen et al. 1997).
due to spores from local basidiomes on unusual hosts (i.e., In the mixed spruce—fir dynamic forest there was no direct
A. albaand (or) deciduous species). These low frequenciesorrelation between the frequency of F and S groups and the
can also be interpreted as background contamination frorfrequency of their respective preferential hosts. In that for
spores coming from other forests. Sometimesest, lack of thinning operations since the 1940s has led to the
Heterobasidiorspores have been reported to travel long dis progressive and massive establishment of firs in a spruce
tances (Kallio 1970; Stenlid 1994). It should be noted thatstand. It appears that a corresponding “invasive” establish
such background levels are very low and do not appear tment of the F ISG (11% of all trapped spores) is following
contribute  significantly to the make up of local the “invasive” establishment of the host species. Neverthe
Heterobasidiorpopulations. Such low levels of spore meve less, there appears to be a lag between the rate of establish
ment between different forests may be relevant only whement of fir (50% of stand) and that of the F ISG (11%)
dealing with the colonization of areas whele annosum spores. Primary infection and spreadtf annosumoccurs
may not yet be present. Although the frequency of the P ISGpy airborne spores (Rishbeth 1951; Otrosina and Cobb 1989;
is also low in Jovengan (13%) and Charvensod (1%), P esStenlid 1994; Garbelotto et al. 1994). Large fruit body-pro
tablishment in these two locations can be linked directly toduction and the subsequent massive release of air spora nor
the presence of spruce, a well-documented alternate P hostally occur after colonization of large volumes of substrate.
(Korhonen et al. 1992; Korhonen and Piri 1994; Hanso et alFurthermore, substrate colonization leading to fruit-body
1994, Vasiliauskas and Stenlid 1998). Direct stump samplingroduction may require several years and may be more
in Charvensod (data not shown) has confirmed the signifilikely to occur on larger trees. We expect that as fir trees
cant presence of P isolates in spruce stumps at that site. grow larger and the overall fir biomass increases, so will the

Although the presence of spruce as an alternative host fquopulation of the fir-specific F I1SG.
the P ISG allows for the establishment of P isolates in for- It has been suggested that the biogeographical history of
ests where the main P-host, Scots pine, does not grow, we main hosts oH. annosummay have influenced the ge-
measured a significantly higher frequency of the P ISG innetic structure (Stenlid et al. 1994) and the present distribu-
Aymavilles, a forest where Scots pine is present. This findtion of the three European ISGs (Korhonen and Piri 1994).
ing is in agreement with reports from FennoscandiaOur results indicate that within a shorter time frame, rapid
(Korhonen et al. 1992). We should, however, note that inchanges in host composition and past and present
spite of the presence of a reportedly aggressive pine pathailvicultural practices may have an effect on the population
gen (the P ISG), Scots pines in the Aosta Valley are rarelstructure of this pathogen. For modeling purposes, new and
symptomatic. The lack of symptoms may be explained byregular samplings in the same plots would give us some im-
the partial resistance to the pathogen reported for Scots pingortant information about the rapidity of changes in the vari-
growing in the Alpine region (Anselmi and Minerbi 1989; ation of population structure of the fungus and the extent to
Capretti et al. 1990; La Porta and Ambrosi 1998). which that variation is influenced by host dynamic and

Establishment and survival of P isolates in the forests ofyrowth.
the western Alps may be explained by a complex scenario, Neither nuclear—mitochondrial chimeras (indirect -evi
including the presence of not only a potential primary hostdence of hybridization) nor hybrids between ISGs S and P
(Scots pine) and of a proven secondary host (spruce), bfin sampled stumps, data not shown) were found in this
also other lesser known or undocumented hosts such atudy. Nuclear molecular typing and sexual compatibility
Betulaand other deciduous treedyniperus Larix, or other tests fully confirmed the mitochondrial characterization- Mi
pine species, which are present in our forests. For instancégchondrial TSCP-PCR and PCR-mediated detection of ISG-
in a recently completed study, we show that Swiss stone pinspecific introns are thus reliable and rapid methods for-diag
(Pinus cembrais a host not only for the S group (Nicolotti nostic purposes. Lack of hybridization and potential for gene
et al. 1999) but also for the P group ldf annosun{data not  flow amongH. annosumSGs in Europe has been discussed
shown). already (Stenlid and Karlsson 1991; Garbelotto et al. 1998).

While the ecological adaptation of the P ISG in the AlpsGenerally, fungi from the same geographical area exhibit
is in need of further study, evidence of a more strict hosistrong genetic barriers to interspecific hybridization (Brasier
specificity of S on spruce and F on fir is presented in this2000). In vitro interfertility between European S and P
study. Pure fir and almost pure fir forests harbor an evergroups ofH. annosumis 4-10% (Korhonen 1978; Stenlid
whelming majority of F inoculum, and the same is true for Sand Karlsson 1991). These mating barriers probably main
inoculum in pure spruce forests. In our study this strongtain the isolation of the gene pools of the two ISGs (Brasier
host—pathogen correlation held true even for two forestd987), conferring optimal adaptation to ecological niches
(Charvensod and Jovencan) that were different in tree-com(Dobzhansky 1937).
position, but only 3 km from each other. The apparent lack The potential for hybridization will also depend upon the
of spore flow between these two nearby sites and the “backfrequency of niche contact and the ability of any resulting
ground” inoculum information obtained at the isolated purehybrids to compete with the parent species. In the western
fir forest of Chiusa Pesio suggest a geographically limitedAlps different niches are in close proximity. In this study we
range of dispersal of basidiospores. This information is im show that spruce, fir, and Scots pine and the three host-
portant from both an ecological and an epidemiologicalassociated ISGs are coexisting. While all the main hosts of
point of view and supports the belief that during thinning the three European ISGs coexist in the western Alps, patho
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gen-host specificity or preference ensure that they do ndthase, T.E., and Ullrich, R.C. 1980Genetic basis of biological
each provide a favorable substrate for all three 1SGs. The species inHeterobasidion annosumMendelian determinants.
presence of both S and P isolates on spruce, and the creationMycologia, 82: 67-72.
of nonselective stumps through logging are examples of tru€hase, T.E., and Ullrich, R.C. 1980Five genes determining
niche overlaps and they increase the chance for hybridiza intersterility inHeterobasidion annosunMycologia,82: 73-81.
tion (Garbelotto et al. 1996 1998). Lack of hybridization Dobzhansky, T. 1937. Genetics and the origin of species. Columbia
between the S and P groups in the Alps may be determined University Press, New York.
by efficient mating barriers between the two populations re Garbelotto, M., Cobb, F., Bruns, T., Otrosina, W., Slaughter, G.,
inforced by negative selection on hybrids, as reported for the and Popenuck, T. 1994. Preliminary results on the genetic
American S and P groups (Garbelotto et al. 1£)96 structure of HeterobaS|d|pn annosumin white fir (Abies
Results showing strong correspondence between hosts andconcoloy root decay fungiln Proceedings of the 8th IUFRO
host-associated I1SGs in individual stands and lack of signifi Conference on Root and Butt Rots, Wik, Sweden, and Haikko,
cant spore movement between adjacent coenoses have im gltnlalr_wéi,sg—l(? ﬁ‘i)g'. 199?Edf'tid .byli\/" ‘I]%h"?msson S”d Ji
portant implications in forest planning and management. Sendl - oWe ;27 zné\;erswo gricuttural sciences, Uppsaia,
This information, in fact, can be used to determine the use_ >\ coon PP: —ome

. o . . Garbelotto, M., Popenuck, T., Ratcliff, A., Cobb, F.W., and Bruns, T.D.
Lu;?ﬁ OS gecr)lf tree species substitution in areas infested by thg 1996. Host selection against SP hybrids dieterobasidion

annosumimplications for speciation. Phytopatholo®@ S28-S29.
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