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Abstract

The resin top disease of Scots pine is caused by rust fungi that have been classified to
two species, C. flaccidum, which is host-alternating and P. pini, which is capable of
infecting only pine. Although several studies have been made, no clear differences (in
addition to host specificity) between these fungi has been reported. The aim of this
study was to elucidate the relationship between the two fungi. Variation of
morphological and molecular data at several hierarchical levels of populations was
studied in order to characterize the unknown sexual behaviour, and other differences
within the C. flaccidum- P. pini complex.

The surface structure of aeciospores was analysed with scanning eletron microscopy
(SEM). Considering the variation of the surface warts on the individual spores, it was
obvious that the morphology of the spores can not be used in identification of any of
species studied (I). The haplotypes of P. pini were nonrandomly distributed in pine
stands and the frequencies of haplotypes within and between stands were statistically
different, which suggested asexual reproduction and some specific resistance
interaction between pine and the fungus (II). The aecia within single cankers of P. pini
were homogenous and homozygous. This indicated that single canker is caused by one
haploid fungal individual. The cankers of C. flaccidum contained several genotypes
and heterozygous aecia, which indicated mating of several haploid fungal strains
within cankers. Thus, population fine structure of C. flaccidum was in accordance
with a sexual life cycle (III). Mostly the same alleles of specific marker loci were
observed in the two species. Although a low level of genetic differentiation occurred
among the populations of both rust fungi, no overall differentiation between the two
rusts occurred, and in this respect they resembled a single taxon. No genetic
differentiation between C. flaccidum and P. pini was observed. The two fungi differed
only by the existence of linkage disequilibrium within P. pini (IV).

The hypothesis was put forward that clonal P. pini strains have their origin as haploid
life cycle mutants of C. flaccidum, that has a sexual life cycle. This hypothesis was in
accordance with all the data available including the lack of morphological
differentiation of the two fungi (I) haplotype distribution within stands (II), genetic
fine structure of cankers (III), amount of genetic variation within populations (IV) and
finally, the observation of linkage disequilibrium within P. pini populations (IV).

Author’s address: Risto Kasanen, Finnish Forest Research Institute, PO Box 18,
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1. Introduction

1.1. Cronartium flaccidum and Peridermium pini

1.1.1 Resin top disease

Dead tops or parts of otherwise green crowns of Scots pine caused by resin top disease
are common in the Finnish landscape. Symptoms of the disease include lesion (canker)
formation and resin flow on branches or stem. Canker formation usually kills branches
or a top of a pine but if a canker is formed at the lower part of a stem, the whole tree
can die. Two fungi cause the disease: the host-alternating fungus Cronartium flaccidum
Alb. & Schw. and the pine-to-pine form, Peridermium pini (Pers.) Lev, syn.
Endocronartium pini (Pers.) Y. Hiratsuka. In addition to host specificity, no clear
differences between these fungi has been reported (see 1.2.2).

It has been estimated that 60% -20% of trees in single stands in Scandinavia may
have resin-top damage, and the resin top disease has been shown to cause up to 7%
loss of timber value (Kaitera et al. 1994). The pine-to-pine type P. pini was considered
as the dominant type of resin top fungus in Northern Europe for decades, since the
known alternate hosts of C. flaccidum were rare or absent. Although later studies have
shown that C. flaccidum can also use common and widely spread Melanpyrum species
as alternate hosts, most tested aeciospore sources have been autoecious P. pini (Kaitera
and Hantula 1998, Kaitera et al.1999a).

In the past two-three decades C. flaccidum has caused epidemics on two-needle pines
in the Mediterranean countries. The presence of pine hosts and the main alternate host
Vincetoxicum hirundinaria Med. created conditions optimal for fungus spread (Raddi
and Ragazzi 1982). Damages on plantations were so high that, in an attempt to stop
the rapidly advancing epidemic of the pathogen, pine was replaced with other tree
species on a number of forest sites (Raddi and Ragazzi 1982). Autoecious P. pini
caused serious disease in the same period in Britain (Greig 1987).

1.1.2 Life cycle of Cronartium flaccidum

The hyphae of the resin top fungi overwinter in the pine bark. In early summer the
aeciospores are released from aecia emerging in cankers on pine stems or branches. C.
flaccidum is a macrocyclic rust fungus, which has a broad range of alternate hosts.
Klebahn (1938) summarized infections reported on plant species in genera
Pedicularis, Paeonia, Vincetoxicum, Grammatocarpus, Impatiens, Loasa, Nemesia,
Schicanthus, Tropaeolum and Verbena. In addition to these, recent report by Kaitera
and Hantula (1998) showed that Melanpyrum sylvaticum is probably one of the main
telial hosts in Scandinavia.
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The aeciospores of C. flaccidum infect the leaves of the alternate host. The uredia
form within two weeks releasing urediospores. Several generations of urediospores
can be formed, while urediospores infect leaves and new uredia emerge. Telial
columns, containing the teliospores, develop 2-3 weeks after the aeciospore infection
(Kaitera 1999). The meiosis is suggested to take place within these spores, which
germinate immediately, each forming a basidium and four haploid basidiospores
(Hiratsuka 1981). Basidiospores spread with wind and turbulences to pines where they
germinate and infect. The mycelium kills cambium and a canker is formed.
Spermagonia emerge in a canker during late summer. The margins of the spermagonia
are suggested to function as receptive hyphae, which the spermatia fertilize.
Accordingly, the fertilized hyphae in the canker form aecia, which contain dikaryotic
aeciospores (Klebahn 1938).

It should be noted that the mechanism of spermatization has not been documented on
C. flaccidum. Observations of spermatial crossings with receptive hyphae within the
genus Cronartium has been made with only a few samples of the white pine blister
rust, Cronartium ribicola Fisch. (Pierson 1933), although they have widely been
accepted as a mechanism of mating, also in C. flaccidum (i.e. Hiratsuka 1981).

1.1.3 Life cycle of Peridermium pini

The only known spore stages of P. pini are aeciospores, which infect pine and
spermatia, which in principle could be used for mating. Before Haack (1914)
succeeded in infecting diseased P. sylvestris with aeciospores of P. pini, there had
been attempts to find the telial host of this very common fungus (Liro 1907).
Although the absence of alternate host and also uredinial and telial stages was assured,
the details of life cycle have remained unknown. The aeciospores infect pines via
wounds in the bark or needles (Klebahn 1918) or through direct stomatal penetration
(Olembo 1971). The hyphae grow towards the stem in pine cortex (Olembo 1971).
The result is a canker formed on a branch or stem. One to five years after the
infection, the uninucleate, presumably haploid hyphae form spermagonia ((Klebahn
1918, 1924, Olembo 1971). Although P. pini has been shown to produce spermatia,
studies of plasmogamia between two strains have not been conducted.

1.2 Species complex C. flaccidum-P. pini is inadequately described

1.2.1 Endocronartium or Peridermium ?

The genus Endocronartium was described as a new name for Peridermium species
according to postulated endo-type life cycle. Hiratsuka (1966) studied cytology of
Peridermium harknessii J.P. Moore, by staining nuclei of subsets of spores that were
incubated for given time intervals. He observed that during aeciospore maturation and
germination young, immature aeciospores had two nuclei, mature aeciospores were
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uninucleate, and in the germ tubes there were two, three or four nuclei. This was
considered as evidence of meiosis, although no actual phases of meiotic division were
reported. Later Hiratsuka (1968) concluded, by the morphology of the germ tubes, that
nuclei in the germ tubes of Peridermium pini (Pers.) Lev. followed the same
mechanism, despite the same uncertainty of the occurence of nuclear fusion and
meiosis. It is noteworthy that Klebahn (1938) in his earlier, detailed study of the
cytology of P. pini mycelia, spore-building structures and aeciospores, did not observe
any decline in nuclear number, nor any nuclear phases that he could have connected to
meiosis. Based on nuclear cycle, Hiratsuka (1969) placed P. harknessii and P. pini
into a new genus, Endocronartium, which was characterized by still questionable
meiosis within a germ tube; fusion of two haploid nuclei, followed by nuclear division
into four daughter cells. Uninucleate branches of germ tubes would be functionally
basidiospores, in which basidiomycetes generally establish the haploid life form. The
theory was strongly criticized by Laundon (1976), who saw no evidence for meiosis in
Hiratsuka’s paper (1968). Meiosis within a germ tube was also suggested for
Peridermium yamabense (Imazu et al. 1991), but again, the result was based on
observed nuclear number and the details of meiosis remained unshown.

Especially in the case of gall rust, P. harknessii, several studies have suggested that
the life cycle is asexual. Epstein and Buurlage (1988) observed only nuclear divisions
in the germ tubes of mainly binucleate P. harknessii aeciospores and later population
studies by Vogler et al. (1991, 1997) showed that P. harknessii comprised two distinct
zymodemes (multilocus electrophoretic phenotypes), which also differed by the
nuclear number of the spore. Predominantly binucleate type I was characterized by
single marker at each isozyme loci, while uninucleate type II had additional markers.
Based on photometric measurements, uninucleate zymodeme had the same amount of
DNA in one nucleus as the binucleate had in two nuclei. Also number of nuclei in
aeciospore germlings increased arithmetically over time. These data suggested that
aeciospore nuclei, in both types I and II, divide mitotically, as is consistent with an
asexual life cycle. It was interpreted that the uninucleate type was the result of
karyogamy of two binucleate types or that the binucleate type was the result of
haploidization of the uninucleate type (Vogler et al. 1997). Within these studies, no
phases of cell divisions were documented. Neither was any mechanism for the
haploidization of the fungus suggested, although it is known that Peridermium hyphae
are uninucleate within pine tissue (Hiratsuka 1969). It can be considered that neither
meiotic or mitotic events within germ tubes of P. harknessii are yet adequately
reported. Even if cytotological observations based on nuclear number were correlated,
the actual phases of meiosis should still be documented microscopically, or evidence
of meiosis should be obtained with analysis of genetic markers in controlled matings.

Even if the nuclear cycle of P. harknessii was well known, it would not be justified to
suggest the same unique cell cycle with basidia-like germ tubes for P. pini. On the
contrary, the interpretations of nuclear status of P. harknessii aeciospores or aecial
germ tubes by Epstein and Buurlage (1988), Vogler et al. (1997), and Hiratsuka
(1969) are clearly controversial.
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1.2.2 Relationship between C. flaccidum and P. pini is unknown

In addition to clear difference of host specificity between C. flaccidum and P. pini,
only few, strongly criticized and debated differences have been found. According to
Hiratsuka (1968) aeciospores of C. flaccidum and P. pini are functionally different by
the meiosis in the aeciospore germ tube of P. pini and thus they could be identified by
the morphology of germ tubes. Tube of heteroecious C. flaccidum were
dichotomously branched, no septa were observed and it contained two nuclei
migrating along the germ tube. The cells in mature germ tubes of P. pini were
uninucleate and shorter than those of C. flaccidum (Hiratsuka 1968). However, the
morphology of aeciospore germ tubes of different origins, such as Great Britain
(Gibbs et al. 1988) and Finland (Kaitera et al. 1999b) were different from Hiratsuka's
(1968) original description of their distinguishable characters. Gibbs et al. (1988)
found that P. pini samples that were identified according to characters described in
Hiratsuka (1968), were not autoecious but capable to form sexual stages of C.
flaccidum on Peonia. No evidence of nuclear fusion in germ tubes was found. Kaitera
et al. (1999b) measured more morphological variation of aecial germ tubes within
populations than between autoecious and heteroecious species. Germ tube
morphology reported in Klebahn's work (1938) is strikingly similar to observations
made by Gibbs et al. (1988) and Kaitera et al. (1999).

The controversies of the results of nuclear number of aeciospores and their germ tubes
point out that evidence based on cytology is inconlusive. Even if cytotological
observations based only on nuclear number were correlated, the actual phases of
meiosis would still need to be documented. The number of nuclei in germinating
spores can not be used as evidence of genetic phase of a fungus. For example, haploid
binucleate basidiospores of Heterobasidion annosum give rise to haploid
homokaryotic multinucleate mycelia that following mating form multinucleate
heterokaryotic mycelia (Korhonen and Stenlid 1998).

Genetic marker studies of the relationship between P. pini and C. flaccidum have also
produced controversial results. Moricca and Ragazzi (1998) suggested that P. pini and
C. flaccidum can be distinquished by the internal transrcribed spacer genes of their
ribosomal DNA, while Hantula et al.(1998) successfully amplified the same RAMS
(Hantula et al 1996, see also 1.3.2.3) markers from both fungi. Interestingly, some of
the RAMS markers were shown to be codominant, and these markers were
heterozygous within all C. flaccidum isolates, whereas only homozygous P. pini
samples were observed.

Comparison of previous studies of the differences between C. flaccidum and P. pini
reveals that there is no single explanation covering the actual differences. Clearly, the
relationship between these fungi needs further investigations. In spite of this, the two
types of fungi have consistently been classified into two species, although in many
cases morphologically similar fungi with different host specificity have been
recognised as races, so called pathovars or forma specialis (f.sp.).
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The most reliable way to answer the question of species division would be studies
with controlled mating tests. Accompanied by analysis of progenies with genetic
markers, mating tests could be used to study sexual behaviour of the fungi. While
these tests have not been technically possible for Cronartium/ Peridermium, one has
to conclude the relationship between C. flaccidum and P. pini by other characters.

1.3. Potential differences between C. flaccidum and P. pini

1.3.1 Morphological characters

Fungal taxonomy has traditionally been based on morphological characters. When
studying the relationship between C. flaccidum and P. pini, the morphological studies
can not be overlooked. A quantitative comparison of characters of the aeciospores
between C. flaccidum and P. pini would reveal if the two fungi could be separated
morphologically. By studying ecologically more distant species, it is possible also to
contribute to the question whether the spore morphology is a relevant species marker
within Cronartium.

A promising feature to study would be surface warts, shape and size of the
aeciospores. Within some Cronartium species these have been used as taxonomical
criteria (Peterson 1967, Hiratsuka 1971). Several interesting studies have been made
by simple and effective methods of scanning electron microscopy (SEM). According
to Hiratsuka (1971), some of the stem rusts in Canada (E. harknessii, C. ribicola, C.
comandrae Peck, C. comptoniae Arthur and C. coleosporoides Arthur) could be
distinguished by surface warts on the aeciospore. Grand and Moore (1972) came to
partially different conclusion about the usefulness of these criteria, as they determined
the aeciospore morphology of the C. quercuum complex. The comparison of these
species revealed the similarity of surface morphology in most of the studied species,
except C. appalachianum, which had no smooth areas on the spore surface. Imazu et
al. (1989) found differences even at subspecies level, expressed in the surface warts
and dimensions of the aeciospores of C. ribicola, E. yamabense, E. sahoanum var.
sahoanum and E. sahoanum var. hokkaidoense in Japan.

Ultrastructure of hyphal walls and septa has also been used as a morphological key,
and the ultrastructure of P. pini hyphae has been described by Walles (1974). It is
noteworthy that Longo (1982) was not able to find any differences when he compared
these results with the ultrastructure of C. flaccidum.

1.3.2 DNA markers and population structure

1.3.2.1 Analysis of pathogenic fungal populations

Because of various mating systems and possibility of asexual reproduction pathogens
adapt to various situations with great flexibility. Due to this, structure of a pathogen
population can vary from worldwide panmictic population to worldwide clonal
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population. Mycosphaerella graminicola, wheat leaf blotch fungus is an example of a
former (McDonald and Martinez 1990), while Phytophtora infestans, the fungus
causing potato late blight is an example of a spread of worldwide clones (McDermott
and McDonald 1993). Examples of intermediate types of population structure are
chesnut blight fungus (Chryptonectria parasitica) (Liu et al. 1996) that has extremely
local clonal populations and regional sexual populations. A few gigantic individuals
of Armillaria bulbosa can locally be produced by vegetative propagation instead of
spores (Smith et al. 1992).

Rust fungi do not grow well in vitro. The traditional ways of studying structure of
fungal populations; vegetative compatibility or mating tests are thus not applicable for
many species of rust fungi. Especially in vitro cultures of the aecial state of
Cronartium and Peridermium have seldom been succesful, and single-spore cultures
have failed (Pei and Gibbs 1991, Moricca and Ragazzi 1994). Moreover, genetic
marker techniques such as allozyme electrophoresis, or restriction fragment length
polymorphism (RFLP) of whole genomic DNA that needed relatively large amounts
of tissue, have not been possible to use in studying single aecia or aeciospores.

Studies done on mass collection of spores of a single gall or a canker (i.e. Tuskan et
al. 1990, White et al. 1996, Vogler et al. 1997) can be criticized due to possibility of
mixing the genotypes if the fine population structrure of a given fungus is not known.
Apparently, difficulties of interpretation of results have risen from bulking the
genotypes; Moricca et al. (1996) reported variation of ITS genes within single DNA
isolates of bulked C. flaccidum aeciospores, but they could not separate whether the
different types were from genome of single fungal individual or several individuals.
Also White et al.(1996) observed variety of length variants of IGS genes occurring
within DNA samples of bulked aeciospores from C. ribicola cankers.

1.3.2.2 Structure of the known Cronartium populations

The best known fungi in the genus Cronartium are apparently C. ribicola and C.
quercuum f.sp. fusiforme. Genetic fine structure of Cronartium fungi within cankers
changes from haploid hyphae to multiple matings, due to the mechanism of mating.
Between two fungal strains, germinating non-self spermatia (gametes) permit
plasmogamy with receptive hyphae formed in spermagonia of the resident fungus in a
host tissue (Pierson 1933). This dikaryotic mycelium produces aeciospores. From this
mechanism it follows that genotypes of aecia of a canker are a combination of at least
two fungal haplotypes; one that established hyphae on pine stem and another (or
several) from spermagonia.

According to several studies, it appears that this mechanism works, and it probably
needs insects as a pollinator (Hunt 1985, Hamelin 1996). It was observed that insects
cross-fertilize C. ribicola by spreading the spermatia within and between cankers
(Hunt 1985). Indeed, within an actively breeding population of a C. ribicola, perennial
cankers which produce spores successfully, usually contain several genotypes as a
result of multiple matings. The cankers of C. ribicola contained several RAPD
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profiles and most of the genetic variation could be found within the cankers and the
sites (Hamelin et al.1998). As spermatia and later formed aecia of individual cankers
were studied, it was found out that on cankers with monomorphic spermatia, 75% of
the aecidia were combinations of spermatial haplotypes. This indicated that C.
ribicola had multiple matings between cankers via spermatization. Also White et al.
(1996) came to the same conclusion by using slightly different approach; they found
genetic variation of a ribosomal IGS region within bulked samples of aecia of single
cankers. The haplotypes of C. ribicola were isolated from pine needles that are known
to be infected by haploid basidiospores. Because the genotypes of cankers were
apparently mixtures of haplotypes, it was stated that multiple spermatial fertilizations
would have occurred within cankers. Kuhlman and Matthews (1993) obtained clear
indication of the same type of population structure in C. quercuum since aeciospores
of C. quercuum f.sp. fusiforme obtained from single cankers showed variation in
pathogenicity. The observation also emphasizes that any variation that is studied
between rust origins must also be determined within cankers. Concerning C.
flaccidum, Moricca et al. (1996) suggested that several genotypes occur within bulked
canker samples but they did not analyze aecia separately.

Basidiospore populations collected fom single telia of Cronartium ribicola were
shown to be in Hardy-Weinberg equilibria at several loci. High variability observed in
ribosomal haplotype markers supported the hypothesis that the fungus is heterothalllic
(Gitzendanner et al. 1996).The authors conclude, that selfing practically does not
occur in C. ribicola, and its mating system is overwhelmingly outcrossing.

1.3.2.3 DNA markers in studies of C. flaccidum and P. pini

Template DNA for PCR-based techniques can be isolated on small amounts of fungal
tissue, even single spores (Lee and Taylor 1990). Arbitrary or random primers (Welsh
and McClelland 1990, Williams et al. 1990) have been popular in population studies
of plant pathogenic fungi. Recently, random amplified microsatellite (RAMS)
technique originally described by Zietkiewics et al.(1994) has shown to be applicable
within studies of fungal populations (Hantula et al.1996). In this technique, the distal
ends of di- or trinucletide repeats of nuclear DNA are primed with anchored primers
(Hantula et al.1996). Part of the PCR amplified regions show codominance in RAMS
patterns. Usually the above mentioned PCR based markers are dominant; it is not
possible to differentiate homo- and heterozygous loci by the prescence or abscence of
DNA markers. Dominant markers are applicable for studies of haploid organisms such
as cultures derived from haploid spores of basidiomycetes or ascomycetes, like
Gremmeniella abietina (Wang 1997). RAPDs or RAMS have advantage of technical
simplicity. The most important theoretical disadvantage of the use of RAPD markers
is that they are dominant and therefore presence of a band in dikaryotic or diploid
organism may represent both a heterozygote or a homozygote. Therefore,
determinations of gene frequencies are uncertain. Amplification and scoring of
polymorphic markers such as RAPDs and RAMSs has an inherent problem of scoring
the different alleles of approximately equal size and sequence as identical ones. The
advantage of specific marker loci, such as microsatellites or SCARs (i.e. McDermott
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and McDonald 1993, Schlötterer and Tautz 1992, Tenzer et al. 1999) is that the
homology of amplified DNA is assured in advance by designing highly specific
primers that amplify only the target region. The possibility to amplify the same marker
loci within the two fungi facilitates also the studies of genetic differentiation between
P. pini and C. flaccidum. The pilot studies of P. pini populations were made with
RAPD markers in order to detect overall population structure, haplotype frequencies
and spatial distribution in pine stands (I).

Relatively high amount of polymorphism could be observed by screening several
RAPD or RFLP loci or alternatively, by effective screening for mutations of few
marker loci. Codominant markers that facilitate scoring of heterozygous alleles have
advantage in studying population structure of resin top fungi; the possibility to
observe heterozygosity is escpecially valuable if conclusions of sexual behavior are to
be drawn. Also, the results can be compared to earlier studies of populations of rust
fungi, which has been based on codominant allozyme loci (Tuskan et al. 1990, Vogler
et al. 1991, Burdon and Roelfs 1985).

The genetic composition of cankers is clearly one of the key factors in characterization
of the sexuality of the C. flaccidum- Peridermium pini Pers. Lev. complex. If there is
genetic differences between the aecia within a canker, it is most likely that the fungus
had multiple matings within or between the cankers. Therefore, genetic variation, and
the possible combinations between the aecial genotypes of cankers could be
considered as evidence of the multiple matings. Another reason for genetic
polymorphism within a canker could be infection by several aeciospores. By using
codominant DNA markers, one should be able to detect whether the different
genotypes are results of combination of nuclei between haploid branches of germ
tubes from different aeciospores in a canker or of several infections without mating.

The only difference between P. pini and C. flaccidum scored by Hantula et al. (1998)
was the heterozygosity of marker loci within the Italian C. flaccidum samples against
the homozygosity within all populations of P. pini. Only marker of P. pini that could
have been considered heterozygous was ITS2 locus (internal transcribed spacer) of
ribosomal gene cluster (Moricca and Ragazzi 1988), but rDNA repeats can show
variability within haploid DNA samples (White et al. 1996). The observation by
Hantula et al. (1998) was a promising clue to differences in the life cycles of these
fungi, because Kaitera (1999) showed later that fungal isolates from the two locations
where heterozygotic individuals were observed, were also capable to infect
Melampyrum spp. Thus the results suggested that P. pini aeciospores are exclusively
homozygous, which can be an evidence of an asexual population with clonal lineages
(i.e. Burdon and Roelfs 1985). The existence of clonal lineages within P. pini should
been seen as linkage disequilibrium between different loci.

Intraspecific variation in genetic fingerprinting markers has been observed both in P.
pini and C. flaccidum (Hantula et al.1998). However, according to the RAMS
markers, this variation is evenly distributed and the level of genetic differentiation
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among the Finnish populations of these fungi is low (Hantula et al.1998). It is not
known whether genetic differentiation would exist on a more wide geographical scale.

Moreover, if P. pini and C. flaccidum are two different species, there should be DNA
markers which would differentiate between them. Such a study was made by Moricca
et al. (1998): they concluded that P. pini and C. flaccidum could be identified by the
internal transcribed spacer (ITS) of ribosomal gene cluster. However, it must be noted
that the study (Moricca et al. 1998) was based on eight samples only and the ITS
region is known to be variable also between individuals of single species (Kasanen et
al. 2000). Interestingly, an opposite conclusion was made by Hantula et al. (1998),
who amplified the same type of RAMS markers from P. pini and C. flaccidum. If the
two fungi are two different species, genetic differentiation would be obivious and easy
to observe.

2. Aims of the study

The aim of this study was to elucidate the relationship between C. flaccidum and P.
pini. Variation of morphological and molecular data at several hierarchical levels of
populations is clearly one of the key factors in characterization of unknown sexual
behaviour, and other differences within the C. flaccidum- P. pini complex. This was
studied more specifically by testing the following hypotheses;

- C. flaccidum and P. pini can be separated by some specific characters of the
aeciospores (I)
- The morphology of aeciospores is a valid taxonomic feature (I)
- Aecia of pine stem rust in a scots pine stand represent a polymorphic fungal
population, and the populations are different between sites (II)
- The rust genotypes are statistically evenly distributed within a stand (II)
- The aecia formed within an individual canker are genetically different because of
outcrossing (III)
- There are differences in population fine structure of C. flaccidum and P. pini (III)
- Population structure of C. flaccidum and P. pini supports the theory of multiple
matings between cankers (III, IV)
- The population parameters between C. flaccidum and P. pini reflect differences,
which can be connected to abscence of meiosis and thus prescence of clonality in the
life cycle of P. pini (IV)
- The degree of genetic differentiation between C. flaccidum and P. pini suggests that
they can be considered as distinct genetic entity (IV)
- The level of genetic differentiation among populations of P. pini in Finland as low as
indicated by a previous RAMS analysis (IV)
- The Italian population of C. flaccidum is highly differentiated from the Finnish
populations (IV)



18

3. Material and Methods

3.1 Fungal samples

For morphological studies (I), five aeciospore samples of C. flaccidum were obtained
from Italy and one from Sweden, one C. ribicola sample from Finland and two
samples of P. pini from Finland. In study II, samples of P. pini were collected in order
to describe the fungal population of two stands located in Eastern Finland (37 and 40
samples). The stands were visited again to obtain 25-50 aecia from two perennial
cankers (III), that were present and had produced aecia previously (II). No known
telial hosts of C. flaccidum were found within these stands since they are located on
poor sandy soils. Hierarchical sampling of populations was used in IV; 15 populations
were collected, and 3-16 samples per population was used for population analysis.
Unfortunately, some population samples were too small for statistical analysis. Only
unopened aecia of P. pini and C. flaccidum were collected in studies I-IV in sterile
microcentrifuge tubes or ampoulles to avoid contaminants.

3.2 Analysis of fungal samples

3.2.1 DNA markers

Random amplified polymorphic DNA (RAPD) markers (Williams et al. 1990, Welsh
and McClelland 1990) were used in study II. RAPD primers amplify target regions,
where no a priori information is known. Technically RAPDs are easy to perform, but
as discussed previously (1.3.2.3) they have methodological limitations (dominance)
that hampered their usage for testing the hypotheses of studies III and IV. Both RAPD
and RAMS (Hantula et al. 1996) fingerprinting methods occasionally produce markers
that seem to have slightly different molecular weight between the sample lanes in
agarose gels. These can be different loci or length variant alleles of a given locus. In
study III two polymorphic RAMS markers were chosen for further analysis. Briefly,
PCR products were cloned, sequenced and specific primers were designed in order to
amplify each marker locus. Using the protocol described in Fig. 1, DNA fingerprints
can be used for detection of polymorphic marker loci. The alleles of the marker loci
were analysed with denaturing gradient gel electrophoresis (III). The separation of
alleles during DGGE is based on differences in melting behavior of DNA fragments
(Fischer and Lerman 1983).
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Fig.1. A schematic presentation of conversion of an individual band into a specific
marker. The method includes cloning of an individual fingerprint, screening for
correct clones, sequencing and designing primers.

3.2.2 Scanning electron microscopy of the spore surface

Commonly, the surface of a rust spore is not smooth but roughened or verrucose. The
wart-like structures of aeciospore surfaces were studied in order to identify P. pini and
C. flaccidum, and to test these criteria with C. ribicola, that has been previously
studied (Fig. 2).

Spores were chosen arbitrary and the warts were visually classified according to the
three main types described by Imazu et al. (1989); clearly annulated, slightly
annulated and smooth. The number of annulations in warts was also examined. The
dimensions (width, lenght) of the spores were measured from the micrographs. In
addition, the form of the spores was measured as the ratio length / width. Discriminant
analysis was used in order to detect wheter the classification by species or sample
location was supported by the morphological data (I).
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Cronartium ribicola Endocronartium yamabense

Endocronartium harknessii Endocronartium sahoanum
var. hokkaidoense

A
B

C D

Fig. 2. The surface structures of Cronartium spores. A-D are drawn according to
Hiratsuka (1971) and Imazu et al. (1989).
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4. Results

4.1 Population structure of C. flaccidum

The 50 aecia collected from canker J of C. flaccidum all contained the same two
alleles in the Pp1 locus and also in the Pp2 locus, and were therefore genetically
uniform and heterozygous. The situation in the other canker P of C. flaccidum was
different as it was not uniform and contained heterozygous aecia. The number of
alleles observed in the Pp1 locus was three (frequencies 0.5, 0.39 and 0.11) within the
whole canker which included only heterozygotic aecia (Paper III, Fig. 1b). In the Pp2
locus, the canker contained 14 homozygotic and 21 heterozygotic aecia. Thus allelic
composition of C. flaccidum cankers suggested that aecia are composed of several
haplotypes (III).

When the distribution of genetic variation within and among C. flaccidum populations
(AMOVA; Excoffier et al. 1992) was analyzed using information from the Pp1 locus,
8.62% of the variance was observed among and 91.38% within populations
(P=0.0378). Such a result has to be attributed mostly to the differentiation between the
Italian and Finnish populations, because the same analysis made by grouping the two
Finnish populations together resulted in 15.64% of variation due to difference
between Finnish and Italian populations (P=0.0074) (IV). As only two Finnish
populations of C. flaccidum were analysed, -5.06 % of variation was observed
between the populations, implying that two Finnish populations could be treated as
one population in analysis.

In the Pp2 locus of C. flaccidum, the allelic composition of all heterozygotes was not
possible to be determined because in some cases two different allelic combinations
were assumed to give the same banding pattern in an RFLP analysis. However, it was
possible to score the heterozygotic state of the locus. This locus was not used to
analyze the genetic composition of C. flaccidum populations, but the occurrence of
heterozygotes among C. flaccidum aecia was recorded. In Kolari, Juomukuru and Naz
most of the aecia were heterozygotic whereas in Åland only two heterozygous aecia
were observed (III, IV).

4.2 Population structure of P. pini

Alltogether nine RAPD phenotypes (=haplotypes) were found within two populations
of P. pini (II). The Kesälahti population comprised eight haplotypes, while in
Kontiolahti only three haplotypes were found. One haplotype was most common in
both stands (62% and 32 %), while the next most common haplotype in Kontiolahti
was not found in Kesälahti. The results of visual examination of haplotype
frequencies were verified by comparison of cumulative distribution functions with the
Kolmogorov-Smirnov test. Frequencies of the haplotypes were significantly different
(p<0,03) from the expected even distribution where each haplotype has an equal
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possibility to infect pines, and thus reach equal frequency in a pine stand. The
populations were also statistically different according to the same test (p<0,03)(II).

Alltogether, fourteen alleles were observed within marker locus Pp1. According to the
Pp1 marker, the 38 aecial isolates of canker K1 were all identical, and contained only
one allele (III). The same was observed also on cankers V, K2, L1, and L2, among
which 24, 25, 30, and 30 isolates, respectively, contained only one allele in each
canker. The analysis of variation within marker Pp2 was carried out using two
restriction endonucleases (TaqI and HinfI). The two digestions were in accordance
with each other, but one of the alleles identified with TaqI was further separated into
two alleles in HinfI digestion. Thus, based on this analysis alltogether seven alleles of
Pp2 were observed in P. pini. Since genetic variation within cankers was not
observed, the results of the present study suggest that the cankers of this rust usually
include only one genotype (III).

The Nei´s (Nei, 1973) measure for expected gene diversity (HE) among P. pini was
calculated for markers Pp1 and Pp2. In order to obtain information about the possible
existence of clonality within P. pini the linkage (i.e. the co-occurrence of different
alleles) between Pp1 and Pp2 loci was analyzed among the Finnish isolates of this
rust, but no statistically significant deviation from equilibrium was found. However, a
simple visual examination seemed to indicate that some allele combinations would
have been considerably more common than expected. Therefore the analysis was
expanded to further markers by adding data from the two most variable, previously
analyzed, RAMS-loci GAAA590 and ACA580 (Hantula et al. 1998). Data from all
four loci (Pp1, Pp2, GAAA590 and ACA580) were available from 42 aecia, and
visual analysis of the allelic distribution among them clearly indicated that several
haplotypes occurred far more often than expected. This was confirmed by a statistical
analysis which confirmed a nonrandom (P=0.0433, Fisher’s exact test) distribution of
markers and thus existence of linkage disequilibrium among the markers (IV).

4.3 Comparison of C. flaccidum and P. pini

4.3.1 Morphological characters

The size of aeciospores of C. ribicola, C. flaccidum and P. pini were 34,2-30,5 x 24,3-
21,6 µm (values are averages of population samples). The discriminant analysis (Dillon
and Goldstein 1984) of the grouping into nine sampling locations resulted in one
statistically significant discriminant function, although some of the group centroids
overlapped. However, at the species level, the discriminant analysis of the dimension
variables did not reveal statistifically significant axes in the data space, as seen in the
plot of the centroids of the pre-defined groups (species) against the two discriminant
functions. The surface warts of the spores of C. ribicola, C. flaccidum and P. pini
from all the origins were classified as clearly annulated. The lowest layers of the
annulations near the spore surface were not always visible because of the positions
and the density of the warts. In addition, the number of the annulations/wart on the
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spores varied, and thus, the wart type, or the number of the annulations/wart were not
used as a variable in this study. The warts of C. ribicola, E. pini and C. flaccidum
were approximately 1-1,5 µm high, uniform or slightly tapered (<1µm) and clearly
annulated with 5-10 layers, having also longitudinal ditch-like formations. The
surfaces of the spores had well defined smooth areas as well as annulate warts.
Considering the variation of the surface warts on the individual spores, it was obvious
that the morphology of the spores can not be used in identification of any of these
species (I).

4.3.2 Genetic differentiation

Mostly the same alleles of Pp1 were observed in the two rust species, as eight out of
the ten alleles found among C. flaccidum aecia were observed also among aecia of P.
pini, and eight out of the thirteen alleles found among P. pini aecia were observed also
among aecia of C. flaccidum. All heterozygotic aecia originated from known locations
of C. flaccidum (Juomukuru, Kolari and Åland archipelago in Finland as well as Naz
in Italy (III, IV).

The Nei´s (Nei, 1973) measure for expected gene diversity (HE) among P. pini was
calculated for markers Pp1 and Pp2 and among C. flaccidum it was calculated for
marker Pp1. In the Pp1 locus the expected gene diversity in P. pini and C. flaccidum
was very similar (HE=0.785 and HE=0.776, respectively). Such diversity, calculated
only for P. pini, was lower in locus Pp2 (HE=0.559), indicating somewhat lower
degree of diversity for this locus (IV).

In addition to expected gene diversities also Nei´s gene diversities (HS) were
calculated for all populations separately. Among populations of C. flaccidum and P.
pini the gene diversity in the Pp1 locus ranged from 0.642 to 0.748 and from 0.444 to
0.789, respectively. Therefore both the highest and the lowest values were observed
among populations of P. pini, and the populations of the two species seemed not to
differ in this respect. Among populations of P. pini the gene diversity (HS) in the Pp2
locus ranged from 0.198 to 0.660. Interestingly, the estimates for gene diversity in the
two loci correlated statistically significantly with each other among the populations of
P. pini (P<0.01, df=7), implying that the calculated indices would possibly reflect
diversity differences among the populations of this species in general (i.e. not only
among the loci studied) (IV).

The Nei’s measure for gene differentiation (Nei, 1973) was calculated for populations
of both P. pini and C. flaccidum. The two markers Pp1 and Pp2 produced higher
values for P. pini (GST=0.149 and GST=0.200, respectively) than Pp1 for C. flaccidum
(GST=0.090) (IV).

To estimate the level of gene differentiation between the two species (i.e. considering
all isolates of each species as a single population) the GST values using data from Pp1
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were calculated. The value was very low (GST=0.024) indicating that there was
practically no genetic differentiation between C. flaccidum and P. pini (IV).

5. Discussion

5.1 Population structure of C. flaccidum is in accordance with sexual life
cycle

The aecia collected of C. flaccidum cankers all contained two alleles, ie. they were
heterozygous. The existence of heterozygosity within cankers of C. flaccidum
confirms the earlier observations (Hantula et al. 1998, Kaitera et al. 1999 a), but the
difference in the genetic composition of the two cankers studied was surprising. The
variable canker P can be taken as evidence for the occurrence of functional
spermogonia, and the occurrence of several aecial genotypes in this canker is in
accordance with observations of the sexually outcrossing species C. ribicola, where
cankers contained a single spermatial genotype, and aecial genotypes were
combinations of spermatial genotypes (Hamelin et al. 1998, Hamelin 1996). The
observed population fine structure supports well the hypothesis that the aecial
genotypes of C. flaccidum probably are the result of haploid receptive hyphae
fertilized by spermatia.

Observed homogeneity of one C. flaccidum canker can also be partly due to lack of
suitable insect transfer, since the ability of spermatia to spread and cross-fertilize
without insect transfer seems to be limited. It was also observed that cross-fertilization
of C. ribicola increased aecial production, and isolated cankers failed to produce aecia
(Hunt 1985). If this would also be the case of P. pini and C. flaccidum, the lack of
cross-fertilization by insects could be an important factor regulating the epidemies. So
far, the role of insect vectors has only been studied in the infection process (Pappinen
& von Weissenberg 1994 a, b).

Also selection pressure provided by the pine host could prevent some strains of C.
flaccidum to infect, and it is possible that only strains with the observed alleles would
have been able to colonize the host tissue. Also, it cannot be ruled out that the marker
system was simply not sensitive enough to reveal polymorphism.

So far analyzed aecia of C. flaccidum have been mainly heterozygous for several DNA
markers, such as the sequence specific markers Pp1 and Pp2 (III, IV) or RAMS
markers (Hantula et al. 1998). The earlier results of RAMS analysis (Hantula et al.
1998) were verified in this study, since only low level of geographical differentiation
was observed within C. flaccidum (IV). The same type of population fine structure
(Hamelin et al.1998) and low level genetic differentiation (Gitzendanner et al. 1996,
Et-touil et al. 1999) were detected for C. ribicola, and it was interpreted that the
mating system of C. ribicola is highly outcrossing. The results indicate that population
structure of C. flaccidum is in accordance with the sexual life cycle.
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5.2 Population structure of P. pini

5.2.1 Population structure of P. pini suggests an asexual life cycle

Several fungal individuals of P. pini were found within a Scots pine stand. Some
haplotypes were statistically far more common than expected and the haplotype
composition within separate stands varied. One explanation would be that some
haplotypes of P. pini have higher fitness (i.e. virulence or abilility to produce more
aeciospores) within these stands, but common haplotypes might be common for
stochastic reasons. Such a observation was made by Vasiliauskas and Stenlid (1998),
who observed that most common vc groups of Stereum sanguinolentum were growing
shortest distance in wood i.e. had the lowest virulence. Interestingly, the dominant
haplotypes of P. pini were not present in all trees, although the spatial distribution of
haplotypes within stands and assumption of even spore load, where each haplotype
has equal chances to infect (Van der Kamp 1993), would have suggested such a result
(II). Considering this, it is also possible that some specific interaction of resistance
and virulence exists. The haplotype distribution also suggests a scenario where few
clones with different rates of fitness compete in a stand, since it would result in the
observed haplotype composition, where only few clones per stand can be found and
some clones are far more common than others. A sexual cycle would spread fitness
within population and break down this clear pattern. It is also possible that the
distribution of spores has varied over time, and the most common haplotypes had
entered the stand earlier.

Basically, the polymorphism observed within populations in (II) can be due to
existence of a sexual population or several clonal lineages within an asexual
population (i.e. Burdon and Roelfs 1985). In addition to the observation that some
haplotypes were far more common than expected (Fisher exact test, see 4.2), also the
low number of haplotypes observed with seven polymorphic RAPD markers (nine out
of 128 theoretical possibilities) suggested that the populations are composed of
asexual clones. This was apparent especially in the stand where only three haplotypes
were observed.

The same observation that some allelic combinations occured considerably more
common than expected, was made in IV. Thus linkage (i.e. the co-occurrence of
different alleles) was analyzed between specific marker loci and RAMS loci from the
data by Hantula et al. (1998). Statistical analysis confirmed a nonrandom distribution
of markers and thus linkage disequilibrium between loci. It can be taken as the
strongest evidence of clonality of P. pini populations (IV).

Another evidence of asexuality was the population fine structure of P. pini. The
spatial distributions of haplotypes overlapped with obvious possibilities of mating,
since even within single pine trees two haplotypes were found (II). As two perennial,
actively spore producing cankers from each of two stands were studied in detail in
(III), and no heterozygotic aecia nor polymorphism within cankers were observed, it
can be concluded that pine stem rust fungi do not mate within these stands. The
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homogeneity and homozygosity of the aecia within the cankers, in addition to the
nonrandom haplotypic (II) and genotypic (IV) distribution of fungi in individual
stands, agrees with the hypothesis that P. pini is asexual (clonal).

There are, however, observations that seems not to fit the hypothesis of the asexuality
of P. pini: (i) The genetic variation observed with the same marker loci, is higher
within P. pini populations than in populations of C. flaccidum, which evidently is a
sexual fungus (see 4.3). A similar pair of populations was studied by Burdon and
Roelfs (1985), who analyzed the variation within asexual and sexual populations of
wheat stem rust. Asexual populations, although polymorphic, had lower amount of
variation, measured by allelic richness (i.e. number of alleles per locus), gene diversity
or frequency distribution of the number of heterozygous loci per individual. The
remarkable diversity of asexual P. pini could be achieved if asexual P. pini lineages
have their origin in polymorphic, sexual C. flaccidum population. (ii) Cankers of P.
pini are known to produce spermatia (Klebahn 1918, 1924, Olembo 1971) that
basically could be used for mating. However, to my knowledge it has not been
studied, whether the spermatia are functional. Thus observations of genetic variation
and spermatial production can not either be taken as evidence of sexual cycle.

To conclude, the asexuality of P. pini is supported by several observations. (i) No
heterozygosity was observed within single aecia of P. pini (III, IV), (ii) single cankers
of P. pini are homogeneous (III), (iii) the population structure of P. pini is most
probably clonal (and therefore asexual) as linkage disequilibrium occurs between
different alleles of four loci (IV), (iv) within both of the stands studied in detail in (II)
some haplotypes were far more common than expected. Thus it can be considered
highly probable that P. pini is asexual, but the mechanism behind observed high
genetic variation and spermatial production and functionality needs to be studied.
Such studies could reveal whether the basis for clonality in P. pini is self-mating, a
misfunction in the fertilizing ability or a misfunction in the recepting fertilization.

5.2.2 Does meiosis occur during the life cycle of P. pini?

Klebahn (1938) suggested that germination of the aeciospores and growth of the germ
tubes of P. pini would only have mitotic cell divisions. The same was described on P.
harknessii by Epstein and Buurlage (1988). The obvious result of such a growth,
without fertilization by genetically different spermatia, would be a homogenic canker.
However, the P. pini cankers studied here were not only homogenic, but also
homozygotic. This could be explained by aecia carrying uninucleate and haploid
aeciospores. However, the cankers L1, L2, K1, K2 (P.pini) and also canker P (C.
flaccidum) were confirmed to contain dikaryotic aeciospores by fluorescence
microscopy (Fig.2) as was detected by Hiratsuka (1968) and Gibbs et al. (1988). This
is also in accordance with the observation of Vogler et al. (1997) that aeciospores of
homozygous Peridermium harknessii (J.P. Moore) strains are predominantly
binucleate. Therefore other explanation than the uninucleate aeciospores is needed to
explain the lack of heterozygocity in the aecia of P. pini.
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Hiratsuka (1981) proposed that in the genus Endocronartium (Peridermium) the
spermatia would fertilize the haploid spermogonia, the resulting diploid hyphae would
then form diploid aecia and haploidization would occur via meiosis in the germ tubes
of aeciospores. The lack of variation in the cankers studied here clearly disagrees with
the possibility of non-self spermatia fertilizing resident receptive hyphae, as such
action should result in polymorphic aecia. However, if the spermatia would only be
dispersed within a single canker, fusion between receptive hyphae and spermatia from
the same haploid individual (e.g. selfing or homothallism) would result in homogenic
and homozygotic aecia within single cankers (III). Thus the homozygosity of the
samples could be explained by primary homothallism, which can not be ruled out only
by the high genetic polymorphism of P. pini (IV). On the other hand, there is no
known reason why spermatia of P. pini would not spread within stands and between
trees as effectively as those of Finnish C. flaccidum (this study), North-American C.
ribicola or Mediterranean C. flaccidum (Hamelin 1996, White et al. 1996, Moricca et
al. 1996). Therefore, a canker located in a polymorphic P. pini population, can be
expected to include several genotypes within single cankers. It can be concluded that
neither of the hypotheses for the life cycle of P. pini does completely explain the
observed gene composition of P. pini aecia.

5.3 Morphological or molecular evidence does not support the division
of P. pini and C. flaccidum into two species

5.3.1 Morphology

The details on annulate warts of C. ribicola were similar to those described by
Hiratsuka (1971) and Imazu et al. (1989). Although some Cronartium species reflect
differences in spore morphology (Hiratsuka 1971, Imazu et al. 1989), Grand and
Moore (1972) were not able to find specific characteristics between Cronartium
species in North America. Also Imazu et al. (1989) observed similar, annulated warts
on the aeciospores of E. yamabense and C. ribicola.

The average dimensions of aeciospores reveal some variation between the samples.
According to Peterson (1967), the average dimensions of the spores of P. pini (C.
flaccidum sensu lato) were 22-28 µm (length) and 17-21 µm (width); the ratio l / w
was 1,2-1,4. These dimensions are consistently shorter than in this study. However,
Peterson (1967) did not describe the origin of the spores. Although Imazu et al. (1989)
observed some differences in the average dimensions of the spores from different
locations, they did not test these differences statistically. The discriminant analysis of
the grouping into nine sampling locations resulted in one statistically significant
discriminant function, although some of the group centroids overlapped. However, at
the species level, the discriminant analysis of the dimension variables did not reveal
statistically significant axes in the data space, as seen in the plot of the centroids of the
pre-defined groups (species) against the two discriminant functions. The differences in
spore dimensions can also reflect some other difference than a genetic one. For
example, the size of the spores most likely depends on the maturity of the spores,
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which could not be standardized between the samples. The evident conclusion is that
the analysis of the dimensions did not support the grouping of the spores into species.
Despite of the clear difference in host specificity between C. flaccidum and P. pini,
their close connection has already been demonstrated in a number of genetic and
other studies. The ultrastructure of P. pini hyphae within pine cortex was studied by
Walles (1974), and when Longo (1982) compared these results with the ultrastructure
of C. flaccidum he was not able to find any differences in structure of septa or
haustoria. The spore surface of these species was indistinguishable (II), and the germ
tube morphology of the two fungi was highly variable but did not separate them
(Gibbs et al. 1988, Kaitera et al. 1999).

5.3.2 Molecular evidence

Previously it has been observed that the IGS and ITS regions of the nuclear DNA of
the two species are closely related (Moricca et al. 1996) and they contain similar
RAMS markers (Hantula 1998). The results of III and IV show similar specific DNA
markers in the two species. This observation indicates that they have identical marker
alleles of marker loci and it further strengthens the close relationship between the two
fungi. There were no observable population differentiation between P. pini and C.
flaccidum (IV), which means that some gene flow exists or has recently occurred
between these two types of fungi. In each respect, P. pini and C. flaccidum look like a
single species. It is not known if spermatia of P. pini can be paired with receptive
hyphae of C. flaccidum or vice versa. The possibility of these two types of fungi to
pair would create gene flow enough to prevent observable genetic differentiation.

In the case of P. harknessii it has been suggested that its genetically different types
(zymodemes) would have evolved as life cycle mutants of macrocyclic C. querquum
(Vogler et al. 1997). Although the case of C. flaccidum/P. pini complex differs in
many details from that of C. quercuum/P. harknessii it can be considered highly
probable that also P. pini would have its origin as a life cycle mutant of C. flaccidum.
Combining this with the lack of any hypotheses capable to explain the origin of
genetic variation in P. pini aecia (III) the following working hypothesis was proposed:
P. pini would have originated as a haploid mutant of C. flaccidum, and the two nuclei
observable in the aeciospore would be genetically identical. This hypothesis was in
accordance with all the data available including the lack of morphological
differentiation of the two fungi (I), haplotype distribution within stands (II), genetic
fine structure of cankers (III), amount of genetic variation within populations (IV) and
finally, the observation of linkage disequilibrium within P. pini populations (IV).

5.4. How can the close relationship of C. flaccidum and P. pini be
explained ?

The hypothesis where P. pini has risen as a haploid mutant of C. flaccidum was
suggested in III and tested by analysis of genetic differentiation in IV. The hypothesis
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seemed to explain the observations but the actual mechanism behind the close
relationship needs also to be explained.

The change of a pine stem rust strain from a heteroecious to an autoecious fungus
could be explained by facultative heteroecism, a hypothetic mechanism where some
strains of rust fungi are capable of infecting both pine and alternate host. Facultative
heteroecism was described by Meinecke (1929) but has never been observed again.
Wagener (1964) summarized several attempts to repeat the experiment, criticized
strongly the Meinecke’s experimental set-up, and finally concluded that the
observation was false. It is noteworthy that facultative heteroecism could have been a
true observation if it was caused by a rare mutation.

Another explanation for sudden and common host jumps could be virulence/
avirulence of aeciospores for different hosts. Resistance of pines or alternate hosts
could thus explain local differences in distribution of fungi. Single genes coding for
resistance in pine has been found in the pathosystem of white pine blister rust C.
ribicola (Kinloch et al. 1999). It has also been observed that virulence in white pine
blister rust could be coded by a single cytoplasmically inherited element (Kinloch and
Dupper 1999). For example, let us make an assumption that a single gene coding
avirulence for pine would exist in a C. flaccidum population, expressed only within
aeciospores (if such a gene would be expressed in haploid basidiospores, it would
disappear since basidiospore containing the gene could not infect pine or anything).
Since avirulence is usually considered a dominant factor (Flor 1971), resistance of
pine could be broken by a fungal strain that is recessive homozygote for pine
virulence. Thus a portion (25%) of aeciospore population homozygous for virulence
could infect pines, and thus turn to P. pini. Interestingly, observed P. pini genotypes
were exclusively homozygotes for both marker loci. It must be noted that observation
of avirulence or virulence factors by two neutral marker genes would be fortunate and
practically not possible, since genes that could be involved within infection of pine or
alternate host are most likely not linked with markers used in this study. On the other
hand, genotypes that are homozygotes for virulence and neutral genetic markers could
arise via homothallic mating (selfing) of a haploid virulent strain, but homothallism of
C. flaccidum was not supported in this study. It is probable that the selection pressure
caused by host resistance exists in this pathosystem, but it is difficult to conclude from
the results of this study.

Although the hypothesis where P. pini has risen as a haploid mutant of C. flaccidum is
otherwise well justified, the distribution of P. pini and C. flaccidum does not fit into
this scenario. Thus a mutation that causes C. flaccidum to turn into P. pini should be
very common in Finland and Great Britain, but absent in Mediterranean countries,
where C. flaccidum is the dominant species. Also the ecological benefits that cause
selection pressure against heteroecious life cycle are difficult to assess. Alternate hosts
(escpecially Melampyrum) are common in pine stands, although locally there is plenty
of stands where Melampyrum is absent. Some Melampyrum populations might be
resistant to local C. flaccidum, which leads to selection pressure towards P. pini. A
further selection benefit for an autoecious life cycle is that the infection of pines by
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aeciospores released from cankers in pine crowns, probably is more efficient strategy
of spreading than the basidiospore load from the forest floor.

It is obivious that the current knowledge and the results of this study do not explain
totally the mechanism which makes it possible for C. flaccidum to turn into P. pini. It
is highly probable that resistance of polymorphic host populations causes selection
pressure on a fungal population, and, at least locally, autoecious life cycle has its
ecological benefits that cause additional selection.

6. Conclusions

No overall morphological or genetic differentiation exists between P. pini and C.
flaccidum. The two fungi differ only by the existence of linkage disequilibrium within
P. pini and the population fine structure (i.e. genetic structure of aecia within cankers),
which both suggested that P. pini is clonal. Thus it can be considered highly probable
that P. pini strains are clonal and they have their origin as haploid life cycle mutants
of C. flaccidum, that has a sexual life cycle. This hypothesis was in accordance with
all the data available including the lack of morphological differentiation of the two
fungi (I) haplotype distribution within stands (II), genetic fine structure of cankers
(III), amount of genetic variation within populations (IV) and finally, the observation
of linkage disequilibrium within P. pini populations (IV). The actual mechanism
which causes C. flaccidum to turn into P. pini remains unknown.
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