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Abstract

The mtDNA of the filamentous ascomycete Cryphonectria parasitica is large and polymorphic so, to better understand the nature

of the polymorphisms within populations, a small collection of Italian strains of the fungus was examined. Known mtDNA

polymorphisms were mapped and found to cluster in four regions of the mtDNA molecule, particularly in the RFLP region 2 where

five different mtDNA haplotypes out of 13 strains were identified. This region included an area of 8.4 kbp which was entirely se-

quenced in strain Ep155 showing the presence of two introns. An internal 3.2 kbp portion was sequenced also in six additional

strains. Sequence comparison of the C. parasiticamitochondrial intronic ORFs revealed similarities to known endonucleases such as

those of Podospora anserina and Neurospora crassa. DNA sequence analysis showed that three polymorphisms of this mtDNA

region within this population of 12 strains were due to the optional presence in the ND5 gene of an intron and of an intervening

sequence within the intron. Evidence was also found within this population of mixed mitochondrial types within a single strain.

� 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The mitochondrial DNA (mtDNA) possesses a ge-

netic role universally conserved in all eukaryotes;
nonetheless this genome exhibits remarkable variation

in conformation, size, gene organization, arrangement,

and expression among different groups of eukaryotes

(Gray et al., 1999). Metazoan mtDNAs are character-

ized by their small, uniform size while plants have large

(200 to over 2000 kb in size) and nonuniform mtDNA

(Palmer, 1990). Even single individuals may show het-

erogeneous populations of mtDNA molecules. Among
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fungi, despite the similar content of coding information,

the mtDNA varies considerably in size between different

fungi, like that in plants. The mtDNA varies from a

metazoan-like size, 17.6 kbp in Schizosaccharomyces

pombe (Zimmer et al., 1987) to an almost plant-like size,

176.3 kbp in Agaricus bitorquis (Hintz et al., 1985).

Moreover size variability is exhibited even within the

same genus, for example in Suillus the mtDNAs of dif-

ferent species have a 3-fold variation in size (Bruns et al.,

1988), and within the same species, as in S. pombe where

a 1.4-fold variation has been reported (Zimmer et al.,

1987).
Much of the length heterogeneity of the mtDNA

molecule is the result of variability in content of non-

coding regions. These regions contain short tandemly

repeated sequences, pseudogenes or other types of du-

plications of functional genes and other miscellaneous

non-transcribed sequences (Palmer and Herbon, 1986;
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Small et al., 1989). Additionally, introns, mobile introns,
and other transposable elements are responsible for

mtDNA heterogeneity ( Belcour et al., 1997, Hamari

et al., 1999, Salvo et al., 1998). Group I and group II

introns are very common in fungal mitochondria: As-

pergillus nidulans possesses five group I introns (Brown

et al., 1985), Neurospora crassa nine group I introns

(Griffiths et al., 1995), and Podospora anserina har-

bors 33 group I introns and three group II introns
(Cummings et al., 1990).

The mtDNA of the filamentous ascomycete Crypho-

nectria parasitica is of interest because of its importance

as a plant pathogen. This fungus is one of the most

successful pathogens in recorded history since it essen-

tially eliminated its host, the American chestnut trees,

Castanea dentata, from its native range (Van Alfen,

1988). In Europe this introduced pathogen, while less
destructive that in North America, has become a serious

disease of the native cultivated and forest chestnut trees

(Bisiach et al., 1988). Some strains of the fungus contain

cytoplasmically transmissible elements that limit fungal

virulence toward chestnuts. In most cases, these disease-

causing agents are double-stranded RNA (dsRNA) vi-

ruses (Heiniger and Rigling, 1994), but a form of this

transmissible hypovirulence has been found to be asso-
ciated with mtDNA mutations (Monteiro-Vitorello

et al., 1995). Considering the potential role of mtDNA

mutations in the population biology of this fungus it is

important to better understand the nature of these mu-

tations and to learn more about the mtDNA variability

of natural populations of the fungus.

The mtDNA of C. parasitica is one of the larger in

fungi with sizes reported to range from 135 to 158 kbp
(Bell et al., 1996; Gobbi et al., 1990). Restriction frag-

ment length polymorphism (RFLP) analysis has revealed

significant polymorphism in the mtDNA of C. parasitica

(Bell et al., 1996; Gobbi and Locci, 1990; Milgroom and

Lipari, 1993). In certain geographically limited areas

each isolate represented a unique mtDNA RFLP hap-

lotype (Gobbi and Locci, 1994). The mtDNA mutations

in C. parasitica are poorly understood and yet of im-
portance considering their potential role in the popula-

tion biology of the fungus. To begin a characterization of

the types of mutations present in the mtDNA genome a

population of the fungus in Italy was examined for

mtDNA polymorphisms and the basis for three of these

polymorphisms determined. As part of the process a

physical map of the mtDNA was constructed using three

restriction enzymes to locate the regions of mtDNA re-
sponsible for the polymorphisms. An 8.4 kbp polymor-

phic region was sequenced in strain Ep155 and a 3.2 kbp

subportion of this region was sequenced in six other

strains to identify the nature of the mutations in this

region. A putative optional intron of the ND5 gene is

reported to be one cause of the mtDNA diversity in this

fungus.
2. Materials and methods

2.1. Collection of isolates and culture conditions

Twelve strains of C. parasitica used in this experi-

ment were collected from near Grimacco, Italy, in the

province of Friuli Venezia Giulia and were designated

I_. The chestnut trees were commercially farmed, but

were located within a mixed-stand forest. No attempt
had been made to keep other trees and shrubs from

invading the plantation although the trees had obvi-

ously been planted. Samples were taken in 1989 from

each infected tree located along a linear transact of

approximately 150m. Strain EP155 was isolated from

Connecticut in the United States and has become the

most commonly used virulent strain for laboratory

studies of this fungus. The fungal cultures were
maintained on potato dextrose agar (PDA). DNA was

extracted from cultures grown following the method

of Hansen et al. (1985).

2.2. DNA isolation and analysis

Mitochondrial DNA of C. parasitica was isolated by

CsCl-bisbenzimide isopycnic centrifugation as previ-
ously described (Gobbi et al., 1990). The total DNA for

RFLP analysis was isolated following the methods re-

ported by Zhang et al. (1994). Nucleic acids used in PCR

experiments were extracted as described by Lecellier and

Silar (1994). Standard methods for preparations of

plasmid DNA, purifications of phages and DNA ex-

traction and RFLP analysis were used (Ausubel et al.,

1991). Restriction enzymes (KpnI, SacI, EcoRI, SalI,
XhoI, ApaI, HindIII, MboI, SauIIIA, and NotI) were

purchased from BMB (Germany). For fragments larger

than 31 kbp, the length was estimated by isolation and

digestion of the fragments with other enzymes or from

the hybridization analysis results.

The bands of DNA were visualized by UV-ethidium

bromide and digitalized by E.A.S.Y. (Ultra-Violet

Products, UK). Cloning procedures were as described in
Sambrook et al. (1989).

2.3. Selection of mtDNA RFLP probes

Random clones of about 5 kbp each from a mtDNA

plasmid library of C. parasitica strain EP155 (N.K. Van

Alfen, unpublished) were used to screen EcoRI digested

DNA from a large number of different strains of
C. parasitica for detection of RFLPs (data not shown).

From the 32 mtDNA clones screened, eight detected

RFLPs among the strains tested. These eight clones,

labeled probe 4, 5, 7, 13, 17, 26, 38, and 47, were used to

screen the isolates from Grimacco, Italy for mtDNA

RFLPs following standard protocols (Gobbi et al.,

1990).
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2.4. Construction of mtDNA physical map

Double reciprocal digestions of the mtDNA of strain

EP155 with KpnI, SacI, and EcoRI were initially at-

tempted to develop a physical map of the mtDNA. The

large size of many of the fragments and the complexity

of their restriction patterns did not allow the definitive

construction of a map. For this reason single restriction

fragments were either cloned or purified from agarose
gels using GeneClean (Bio101, USA) and used as probes

against mtDNA digested with KpnI, SacI, EcoRI alone,

or in combination. Hybridizations of the mtDNA with

lambda mtDNA clones and with the eight DNA frag-

ments that were previously used as probes to detect

mtDNA RFLPs were used to help clarify ambiguous

sections of the map. The lambda clones were from strain

EP155 and were identified from the total genomic li-
brary described by Powell and Van Alfen (1987) by

screening the library with mtDNA probes.

2.5. PCR analysis and DNA sequencing

The 19.3 kbp portion of the mtDNA genome to

which probes 4 and 13 mapped, i.e. RFLP region 2, was

chosen for sequencing. A lambda clone was selected as
described above by probing the library with probe 4 and

subcloned into pBSKS+ (Stratagene, USA). This region

of the mtDNA was sequenced using the primer walking

method. The sequence obtained was used to design

primers to allow sequencing of the same region from six

of the Italian strains. The primer sets used were mt2

(50-AAATTAATATTCATTAGGGAGG-30) and eg1f4
Fig. 1. Physical map of mtDNA of the strain EP155 of C. parasitica. The r

indicated, respectively, on the inner, central and outer circles. A few EcoRI res

are indicated by a diagonal line; these sites can be anywhere within the areas o

polymorphisms are shown and the locations of the four polymorphic regions

SacI, and EcoRI sites, its approximate location between the first KpnI site o

region is indicated by an outer broken circle and the four genes are reported
(50-CCAATAACTAAACAAATACC-30) located at po-
sitions 2511 and 5701, respectively, according to the

partial sequence of the mtDNA of Ep155.

Each PCR mixture contained 10x buffer (Qiagen,

Germany), 150 ng each primer, 200 lM dNTPs (Amer-

sham–Pharmacia Biotech, USA) and 2U Taq Poly-

merase (Qiagen, Germany) in a standard reaction

volume of 50 ll. Reactions were cycled 25 times at 95 �C
(30 s), 50 �C (30 s), and 72 �C (180 s), preceded by 5min
at 95 �C and followed by 7min at 72 �C. All reactions

were performed in a GeneAmp PCR System 2400

(Perkin–Elmer, USA). Two separate total DNA prepa-

rations were amplified for each of the six examined

strains. The PCR products were purified with spin col-

umns (Qiagen, Germany), cloned with the pGEM-T

Easy system by Promega, USA, and sequenced by

standard methods of primer walking. The sequences
were manually aligned and the sequence data were an-

alyzed using the sequence analysis software package

from the Genetics Computer Group of the University of

Wisconsin (Devereux et al., 1984) and by the BLAST

program (Pearson and Lipman, 1988).
3. Results

3.1. Physical map of mtDNA

The physical map of the mtDNA is shown in Fig. 1

with the cleavage sites for EcoRI, KpnI, and SacI

identified. The names, sizes of the restriction fragments,

and their map positions are provided in Table 1.
estriction enzyme sites and fragments for KpnI, SacI, and EcoRI are

triction sites are not precisely known so their approximate localizations

f K1a and S1. The positions of the eight probes used to detect mtDNA

mentioned in the text are indicated. Since probe 17 does not have KpnI,

f the mtDNA and the beginning of probe 5 is shown. The sequenced

in order, their nomenclature is explained in the text.



Table 1

Restriction site distances and map positions (A), names and sizes of the fragments (B) of EP155 mtDNA digested with KpnI, SacI, and EcoRI

A B

Enzyme Size

(kb)

Map

position

KpnI SacI EcoRI

Fragment kb Fragment kb Fragment kb

Sac 0.0 0.0

Kpn 0.6 0.6 K1a 59.9 S1 30.3 E1 17.0

Eco 14.0 14.6 K1b 34.0 S2 23.1 E2 13.5

Sac 0.7 15.3 K2 16.5 S3 16.6 E3 9.5

Eco 3.5 18.8 K3 13.4 S4a 15.3 E4 9.0

Eco 1.3 20.1 K4a 10.4 S4b 15.3 E5 8.8

Sac 7.2 27.3 K4b 10.4 S5 14.8 E6a 8.1

Kpn 7.3 34.6 K5 4.6 S6 12.0 E6b 8.1

Sac 23.0 57.6 K6 4.1 S7 9.0 E7a 7.6

Sac 2.4 60.0 K7 3.7 S8 8.1 E7b 7.6

Sac 8.1 68.1 K8 0.6 S9 5.6 E8a 7.2

Sac 9.0 77.1 S10 3.3 E8b 7.2

Eco 12.3 89.4 S11 2.4 E9 6.9

Sac 3.0 92.4 S12 1.9 E10 4.9

Eco 1.9 94.3 E11 4.6

Kpn 0.2 94.5 E12 4.2

Eco 2.4 96.9 E13 4.0

Kpn 1.7 98.6 E14 3.8

Kpn 0.6 99.2 E15 3.6

Kpn 3.7 102.9 E16 3.2

Eco 1.2 104.1 E17 3.0

Eco 1.4 105.5 E18 2.6

Sac 3.5 109.0 E19 2.4

Kpn 4.3 113.3 E20 1.9

Eco 0.4 113.7 E21 1.6

Eco 1.6 115.3 E22 1.4

Kpn 2.6 117.9 E23 1.3

Eco 5.0 122.9 E24 1.2

Sac 0.9 123.8 E25 0.8

Sac 3.3 127.1

Sac 1.9 129.0

Eco 1.5 130.5

Kpn 0.8 131.3

Eco 0.4 131.7

Eco 1.2 132.9

Sac 1.7 134.6

Eco 7.0 141.6

Kpn 0.1 141.7

Eco 13.6 155.3

Sac 2.4 157.7
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Fragments smaller than 0.5 kbp are not identified on the

map. Fragments K1a and K1b co-migrated in agarose

gels and could not be separated by electrophoretic

analysis so their existence is hypothesized from data of

the hybridization analysis (data not shown). Although it

was possible to detect small regions of the mtDNA that

showed some homology by hybridization, there was no

evidence of significant regions of duplicated mtDNA.
Digestion of the mtDNA with NotI resulted in a single

fragment that migrated slowly as a linear form and was

of genomic size. Uncut mtDNA of the same preparation

had a faster migration and appeared as a fuzzy band on

the gel suggesting that it consisted of super coiled cir-

cular molecules (data not shown). A few EcoRI sites
could not be precisely mapped but their approximate

locations are shown in Fig. 1. A detailed physical map of

the sequenced region is shown in Fig. 2.

3.2. Mitochondrial DNA RFLPs

The eight probes for detecting mtDNA RFLPs (N.K.

Van Alfen, unpublished) were located on the mtDNA
map (Fig. 1) and, with the exception of probes 7 and

47, which partially overlap, were found to be indepen-

dent. These probes detected ten mtDNA haplotypes

among the twelve strains isolated near Grimacco, Italy

(Table 2). Probes 5, 17, and 26 did not identify any

polymorphism within the Grimacco population, while in



Fig. 2. Structure of the portion of polymorphic region 2 (see Fig. 1) sequenced in EP155. The locations of four genes are shown: ND4L (NADH

dehydrogenase subunit 4L); ND5 (NADH dehydrogenase subunit 5); ATP 8 (ATP synthase subunit 8); and ATP 6 (ATP synthase subunit 6). In ND5

three exons (E1, E2, E3) and two introns, ND5i1 (intron 1) and ND5i2 (intron 2), are present and intron ORFs with the intervening sequences (black

lines) are indicated. In the lowest line the amplified region of this sequence is reported. The restriction map shows in bold the position of the EcoRI

site located between fragments E8a and E13 of the mtDNA map (Fig. 1). In addition a partial physical map with also HindIII and PstI is given.
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previous studies they detected, respectively, three, two,

and three different haplotypes of mtDNA out of 21

strains deriving from a world-wide collection (N.K. Van

Alfen, unpublished). The eight probes identify four re-

gions in the mtDNA; the RFLP region 1 is defined by

probes 17 and 5, the RFLP region 2 by probes 4 and 13

while the RFLP region 3 contains probes 7, 47 and also

probe 38, the RFLP region 4 consists only of probe 26
(Fig. 1). Each RFLP regions measures at least 10 kb.

Probes 4 and 13, which mapped in the RFLP region 2 of

the mtDNA, identified the largest number of haplotypes

in this and other population studies (N.K. Van Alfen,
Table 2

Mitochondrial DNA RFLP haplotypes detected by the eight RFLP clones i

Strains RFLP probes

4 5 7 13 17

I-1 H A A C A

I-2a A A A D A

I-2b F A B D A

I-3 E A B C A

I-4 A A B A A

I-6 A A B A A

I-7 F A D D A

I-8 A A B A A

I-9 E A A E A

I-10 A A B A A

I-11 H A A B A

I-12b H A A C A

EP155 D A A A A

Letters indicate different restriction patterns of mtDNA when hybridized
unpublished). Probe 4 and RFLP region 2 were there-

fore selected for further investigations.

The RFLP region 2 of the mtDNA (Fig. 1) was

partially mapped in the Italian strains and the results

suggested that the detected polymorphisms were the

result of insertion/deletion events rather than restriction

site changes. Five RFLP patterns were found by using

probe 4; the RFLP patterns D, A, and H differed in the
size of the fragment E8a that was respectively 7.9, 7.2,

and 6.8 kbp due to small deletions. The E and F patterns

had a deletion causing the loss of the EcoRI site,

moreover the former also had an insertion of 2.2 kbp in
n 13 strains of C. parasitica

mtDNA haplotype

26 38 47

A D A 1

A A A 2

A D A 3

A D B 4

A D B 5

A A B 6

A E E 7

A A B 6

A D A 8

A A B 6

A D A 9

A D C 10

A A A 11

to each probes.
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E8a while the latter another deletion of about 1.6 kbp
(data not shown).

3.3. Sequencing of polymorphic region 2

The polymorphic region 2 was sequenced in strain

EP155. The sequence of 8379 bp of the mtDNA of this

region was deposited in GenBank under Accession No.

AF456838. A database search showed that the region
has four open reading frames with homology to the

following known mtDNA genes: NADH dehydrogenase

subunit 4L (ND4L), NADH dehydrogenase subunit 5

(ND5), ATP synthase F0 subunit 8 (ATPase 8), and ATP

synthase F0 subunit 6 (ATPase 6). In Fig. 2 the predicted

gene locations are depicted.

3.4. Structure of the ND4L, ND5, ATPase 8, and

ATPase 6 genes

The entire exon sequence of ND4L was contained in

the region sequenced. The C. parasitica ND4L showed

extensive sequence homology with those of P. anserina

(98.9% amino acidic similarity of the putative coded

protein), N. crassa (88.8% amino acidic similarity) and

Hypocrea jecorina (88% amino acidic identity). The
ND4L termination codon overlapped the ATG start

codon of the ND5 gene as occurs in these genes of

P. anserina and N. crassa. The structure of the C. par-

asitica ND4L gene differed, however, from the gene of

these other fungi since, like that of the ND4L genes of

Aspergillus nidulans (Brown et al., 1985) and H. jecorina

(Chambergo et al., 2002), it does not contain introns in

strain EP155.
ND5 had a more complex structure than that of

ND4L since it was interrupted by 2 group I introns, each

containing one ORF. The first intron (ND5i1) was a

group I intron, 2235 bp long, starting at position 248 of

the exon sequence. It displayed a nucleotidic sequence

77.2% identical with that of P.anserina ND5i1 and a 78%

similarity in amino acids. The ND5i1 ORF was 1625 bp
Fig. 3. DNA sequence comparison of the 46 bp portion of the intervenin

sequences of similar group II introns found in fungal mitochondrial DNA.
long and contained two LAGLIDADG dodecapeptide
sequence motifs typical of endonucleases (Dalgaard

et al., 1997; Jurica and Stoddard, 1999). This ORF se-

quence was 82% similar to the ND5 intron 1 protein of

P. anserina mitochondrion (Genbank accession number

S09142) and 56% similar to the Ophiostoma novo-ulmi

possible RNA splicing or intron mobility element

(Genbank accession number CAA87391). The ND5i1

intron sequence was interrupted at position 218 by a
156 bp sequence not significantly similar to any known

sequence found by Blast analysis.

Following this inserted sequence there was a frame

shift in the intron sequence that presumably makes the

encoded intron protein nonfunctional. The second exon

of ND5 continued for 75 bp and then was interrupted by

a second group I intron (ND5i2) at position 324. The

ND5i2 intron was 1641 bp in length and contained a
1359 bp long ORF coding a putative endonuclease

protein with two LAGLIDADG motifs (Dalgaard et al.,

1997; Jurica and Stoddard, 1999). The ND5i2 of

C. parasitica had 81% nucleotide homology to the ND5

intron 2 of P. anserina and 70% identity to the ND5

intron 1 of N. crassa while its ORF showed, respectively,

83 and 76% similarity to the ND5 intron 2 protein of

P. anserina and to the ND5 intron 1 protein of N. crassa.
The C. parasitica ND5i2 was interrupted at position 812

by a 759 bp insertion that lacked significant homology to

sequences in GenBank, thus its origin is unknown.

Nevertheless within the insertion, there was a 46 bp se-

quence with similarity in sequence to group II introns

(Fig. 3), moreover it was 86% identical to a portion of

the InC9 insertion (GenBank Accession No. AF218209)

in the small subunit ribosomal RNA of C. parasitica and
88% identical to a portion of the intron 3 of the same

gene (GenBank Accession No. AF029891) that has re-

cently been identified as a group II intron in spite of its

LAGLIDADG ORFs (Toor and Zimmerly, 2002).

The secondary structure of ND5i1 (data not shown)

demonstrated the lack of an extensive C domain,

indicating that this intron belonged to subgroup IB
g sequence of ND5i2 of Cryphonectria parasitica with the consensus

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=nucleotide&cmd=search&term=AF456838
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=nucleotide&cmd=search&term=AF218209
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=nucleotide&cmd=search&term=AF029891
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(Cummings and Domenico, 1988). The ND5i2 had an
extended C domain so it could be defined as a type C

intron (data not shown). The entire exon sequence of

C.parasitica ND5 resembled that of P. anserina, with

87.6% amino acid similarity and that of N. crassa, with

86.8% amino acid similarity.

The ATPase 8 gene started at position 7384, 369 bp

from the end of the ND5 gene. Its peptide sequence

shared a very high similarity with those of P. anserina
and N. crassa (95 and 91%, respectively). Only a partial

sequence, 219 bp, of ATPase 6 gene was obtained,

starting at position 8086, but its sequence was again

similar to those of N. crassa and P. anserina DNA se-

quences, with 88 and 81% identity, respectively.

3.5. Amplifications and sequences of the polymorphic

region 2

Mapping of the polymorphic region 2 of the Italian

strains identified 7 length polymorphisms within this
Fig. 4. Map of a portion of polymorphic region 2 of the mtDNA in seven st

included part of the intron ND5i1 and all of intron ND5i2 of the ND5 gen

indicates the ND5i2 intron ORF; IS is the intervening sequence and C is the

by Southern analysis for each strain are reported.

Table 3

mtDNA amplification products of strains of C. parasitica

Strain PCR product size (bp)

3200 2400 800

Ep 155 +

I-12b +§

I-10 +§

I-9 +§ +§

I-7 +§

I-4 + +§

I-3 +§ +

+, fragment originated by PCR; §, fragment cloned and sequenced.
region. Sequencing of this region in strain EP155 indi-
cated that some of the detected polymorphisms could be

the result of presence or absence of the intron ND5i2

including the EcoRI site within the ND5 gene. Two

primers mt2 and eg1f4 were therefore designed to anneal

respectively upstream and downstream of the ND5i2.

The oligonucleotide primer mt2 was situated in the 30

end of ND5i1 and the primer eg1f4 within exon E3 of

ND5 to contain the full length of the intron and to
compare the exon–intron junctions of ND5 of the Italian

strains polymorphic in this region.

Using the selected primers, amplification of EP155

and Italian strains I-10 and I-12b yielded a single frag-

ment of approximately 3200 bp, whereas an 800 bp was

amplified from strain I-7; from strains I-3, I-4, and I-9

two fragments were amplified that were about 2400 and

800 bp. The amplification products were cloned and se-
quenced as follows: the largest fragment amplified from

strain I-3 (2400 bp), the smallest from I-4 (800 bp) and

the single fragments amplified from strains I-7, I-10, and

I-12b (Table 3). Their sequences were deposited at

GenBank under Accession Nos. AF456839, AF456840,

AF456841, AF456844, and AF46845. Each of the two

fragments amplified in isolate I-9 was cloned and se-

quenced. The smaller of these two fragments was named
I-9/3 and the larger I-9/4. Their GenBank sequence

accession numbers are AF456842 and AF456843,

respectively.

The sequences of the region of the ND5 gene con-

taining intron ND5i2 were identical in the strains I-10, I-

12b, and EP155 (Fig. 4). This region was thus not

polymorphic between these strains. The ND5i2 intron

was present in I-3 and I-9/4 but these strains lacked the
rains of C. parasitica (see Fig. 2) The region sequenced in these strains

e. E2 and E3 indicate the locations of the ND5 exons 2 and 3; ORF

group II intron consensus sequence. The mtDNA haplotypes identified

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=nucleotide&cmd=search&term=AF456839
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=nucleotide&cmd=search&term=AF456840
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=nucleotide&cmd=search&term=AF456841
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=nucleotide&cmd=search&term=AF456844
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=nucleotide&cmd=search&term=AF46845
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=nucleotide&cmd=search&term=AF456842
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=nucleotide&cmd=search&term=AF456843
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759 bp insertion in the intron. In strains I-4, I-7, and I-9/
3 the ND5 gene did not contain intron ND5i2. The

polymorphisms detectable within this region of the ND5

gene were thus based also on the presence or absence of

an intron and an insertion within that intron.

The six Italian strains that were sequenced divided

into four haplotype groups as determined in hybrid-

ization experiments using probe 4 while sequencing

part of this region revealed only three polymorphic
possibilities (Fig. 4). For instance, the sequence of the

mt2/eg1f4 amplified fragment was identical in the

strains I-10 and I-12b, although their EcoRI patterns

revealed by hybridization with probe 4 were different.

It is assumed that this is due to polymorphisms present

in the EcoRI fragments E8a or E13 upstream or

downstream from the sequenced region. The portion of

the fragment E8a that was not amplified and sequenced
in the six Italian strains did not contain any other in-

trons, while the portion not sequenced of the fragment

E13 included the ND5i1 ORF and its intervening se-

quence (Fig. 2). The differences between the RFLP

pattern D, A and H possibly resided in that portion of

the E13 fragment. The intervening sequences within the

ND5i2 intron contained an EcoRI site whose loss is

responsible for the RFLP pattern E and F where only
one EcoRI fragment was detected by Southern analysis

using probe 4. The fragment of the F pattern had

another 1.6 kbp deletion corresponding exactly to the

lack of the ND5i2. The pair of strains I-4 and I-10 as

well as I-9/3 and I-9/4 shared the same haplotypes A

and E, respectively, but their sequences were quite

different.
4. Discussions

4.1. Mapping of mtDNA

The circular mitochondrial molecule of C. parasitica

is one of the larger reported in fungi. Its size and thus

large number of restriction fragments made mapping it a
challenge by the conventional method of comparison of

double digested fragments. Two additional approaches,

hybridization analysis and mapping of restriction sites

within individual fragments, were used to complete the

map. About 40% of the mtDNA proved to be difficult to

clone, as estimated by those clones under-represented in

the lambda genomic library. The difficulties in cloning

all of the mtDNA genome did not allow the assembling
of overlapping clones covering the entire genome, thus it

was not demonstrated with certainty that the mtDNA

was circular. Nonetheless, both the electrophoretic mo-

bility of the uncut mtDNA genome and the hybridiza-

tion data indicate a circular form. A physical map of

C. parasitica was published by Bell et al. (1996) but it is

difficult to make direct comparisons with the map
published here since only EcoRI was used in common
between the two studies and only fragment E1 (Table 1)

was located on their map. Nevertheless in an attempt to

contribute to the previous map, a detailed physical map

of the sequenced region 2 with the restriction fragments

previously used is reported. The order and denomina-

tion of some restriction fragments did not correspond to

those of Bell et al. (1996) as they estimated the molecular

size of the restriction fragments by electrophoretic
analysis, a technique not as precise as sequencing. This

work therefore extends and rectify the previous map.

The mtDNA of C. parasitica has been described in

previous studies as being polymorphic (Gobbi and

Locci, 1990; Milgroom and Lipari, 1993), but previous

studies have used isolated mtDNA as probes and so

there was no information provided regarding the na-

ture of the polymorphisms in the mtDNA. One of
these studies, however, indicated that in one small

population each isolate contained a unique mtDNA

haplotype (Gobbi and Locci, 1994). These studies

suggested that the mtDNA was variable but they

lacked information regarding the nature of the vari-

able regions. Mapping mtDNA clones found to detect

RFLPs in different strains of C. parasitica showed that

there were four general regions of the mtDNA de-
tectable as polymorphic. Using these probes to detect

mtDNA polymorphisms within a small population of

strains isolated near Grimacco, Italy, showed that

there were at least 10 different mtDNA haplotypes

among these 12 strains.

4.2. Characterization of a polymorphic region

One of the polymorphic regions of the mtDNA,

region 2 (Fig. 1) was selected for sequencing and found

to be a region that is dense in genes (Fig. 2). The

density of ORFs within the polymorphic region se-

lected for sequencing was not expected, particularly

when the bulk of the genome must not be functional.

Although there is no direct evidence that the four genes

identified in this region are functional, there is nothing
in the sequence data that would suggest otherwise. The

lack of hybridization of the probes of these genes with

other regions of the mtDNA suggests that the ORFs

are not repeated elsewhere. Three of these genes, AT-

Pase subunits 6, 8, and ND5, were mapped by hy-

bridization by Bell et al. (1996). These genes were

found to be clustered as on the map presented here,

although their relative positions differed from our map
(Fig. 1). Since in the earlier study the genes were

mapped individually by hybridization, the gene order

given here, obtained by sequencing the region, is

probably the correct one.

Within region 2 of the mtDNA two different group I

introns were found in strain EP155. To compare the part

of region 2 that contains these introns in the Italian
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strains, primers were designed for sequencing of these
regions from strains with RFLPs mapped to this area of

the mtDNA genome. Sequence analysis of six of the

Italian strains indicated that intron ND5i1 was present

in all of the strains, as in EP155, but that intron ND5i2

was optional in some of the strains (Fig. 4). The optional

nature of this intron between strains suggests that it is

mobile, a supposition that is supported by the ORF

found in the intron with the dodecapeptide motifs typ-
ical of mobile endonucleases (Lambowitz and Belfort,

1993). The presence or absence of this intron is obvi-

ously responsible for an RFLP difference between some

of these strains, e.g., between strains I-3 and I-4.

Within intron ND5i2 a small insertion of unknown

origin was detected in strains EP155, I-12b and I-10. The

presence of an identical insertion within this intron in

strains from both North America (EP155) and Italy
suggests that it is not of recent origin. There may be

functional consequences related to the presence of this

insertion. A similar insertion was found in intron ND5i1

in strain EP155. Since the region containing the insertion

within this intronwas not sequenced in the other strains, it

is not known how common it is. Presumably the presence

of the intervening sequences within the ORF of the in-

trons generates a non-functional intronic protein, most
likely causing the intron to lose its ability tomove. Strains

I-9/4 and I-3 do not contain this insertion within the ORF

of the intron so they may be mobile. In the strains con-

taining the insertion sequences within the introns, such as

EP155, there is no evidence that the functions of these

mitochondrial genes are impaired. EP155 is the standard

virulent laboratory strain of C. parasitica, chosen in part

for its consistent growth in culture. The nature of these
intervening sequences and their biological role are not

known, however they result very interesting for the high

(about 90%) identity of short stretches of their DNAwith

group II intron sequences as well as their similarity to

the plasmid-like element InC9 of C. parasitica, causing

a mitochondrial form of hypovirulence, or to the a-sen
of P. anserina, causing senescence of the mycelium

(Cummings et al., 1985).
Amplification of mtDNA sequences using the primer

pairs resulted in two different PCR fragments being am-

plified in strains I-9, I-3, and I-4. It is possible that these

were the result of cross contamination, but the consis-

tency with which they were amplified only in these strains

makes this unlikely. Sequencing of the two different

fragments in I-9 showed that the difference between the

fragments was the presence or absence of the ND5i2 in-
tron within the amplified DNA. Strains I-3, I-4, and I-9

may therefore contain two or more different types of

mtDNA, one mtDNA type containing the ND5i2 intron

and another lacking it. PCR amplification using this pri-

mer pair in strains EP155, I-10, and I-12 yielded a single

fragment, suggesting that the mtDNAmolecules of these

strains are homogenouswith respect to the presence of the
ND5i2 intron. These data suggest that the mtDNA of
C. parasitica may exist as a population of different

mtDNA types within a single strain. This complexity of

mtDNAtypes, however,was not obvious in the haplotype

analysis using hybridization probes. There was not com-

plete agreement between the five haplotypes obtained

from the RFLP analysis and the three polymorphisms

detected by sequencing of the six Italian strains (Fig. 4).

The polymorphisms detected by sequencing were entirely
within the ND5 gene and the primer pair used amplified

less than 8379 bp of the portion of region 2 that was

sequenced. There are clearly more polymorphic areas

within the region of mtDNA hybridizing to probe 4, i.e.,

11.8 kbp, than those detected by the amplification of

3.2 kbp using the selected primer pairs.

Three possible length polymorphisms were detected

due to insertions/deletion events involving an intron and
insertions within that intron. The ND5i1 intron, which

was only partially sequenced in the Italian strains,

contains insertion sequences within the intron just as

ND5i2 does. We do not have evidence that such strains

exist, but presumably introns without the insertions

preceded those with insertions.

The purpose of this study was to begin to charac-

terize the basis of the mtDNA haplotype diversity that
has been observed in field populations of C. parasitica.

The strains compared were all isolated from a line of

chestnut trees in a small geographic area. A group of

mtDNA probes detected 10 RFLP haplotypes among

the 12 isolates. A region containing two of these

probes was sequenced and then an area representing

about a third of this sequence from six of the Italian

strains was compared. The polymorphic differences
identified in the approximately 3200 bp sequenced

region were all the result of length polymorphisms

associated with a group I intron. While the poly-

morphism identified in this region could only explain

three of the 10 total mtDNA haplotypes within this

small population, the results demonstrate for the first

time that insertion/deletion events associated with in-

trons were responsible for some of the polymorphisms
detected in this fungus. Given the size of the mtDNA,

it was not expected that the polymorphic region se-

lected for analysis would be so dense in presumably

functional genes. It remains to be seen if the other

polymorphic regions detected by the mtDNA probes

are also associated with coding regions of the

mtDNA.
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