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Summary. The obligate parasitic fungus, Erysiphe
graminis . sp. hordei, was found to harbour plasmid-like
extrachromosomal DNA. A 1.35-kb fragment of this 9-
kb plasmid was cloned into the pUC12 vector. No ho-
mology was detected to nuclear or mitochondrial DNA.
As only about half of the 27 isolates examined contained
plasmid-like DNA, this appears to be inessential for fun-
gal survival. The plasmid is frequent in European isolates
and is found in both newly collected isolates and in iso-
lates kept under laboratory conditions for many years.
No correlation between presence of plasmid and specific
avirulence/virulence genes was found. The plasmid ap-
pear to be located in the mitochondria.

Key words: Barley powdery mildew — Gene-for-gene hy-
pothesis

Introduction

Barley powdery mildew is an obligate pathogen depen-
dent upon living cells as substrate. This fungus/plant
interaction conforms to the gene-for-gene hypothesis de-
scribed by Flor (1955), and the existence of avirulence/
virulence genes in the mildew corresponding to resistance
genes in barley has long been established (Moseman
1959). The gene products involved in this interaction are
unknown.

Several fungi are now reported to contain plasmid-
like DNAs (Tudzynski and Esser 1985), including the
phytopathogenic fungi Rhizoctonia (Hashiba 1987),
Fusarium (Kistler and Leong 1986), Claviceps (Tudzynshi
et al. 1983), Gaeumannomyces (Honeyman and Currier
1986), and Ceratocystis (Giasson and Lalende 1987).
These plasmids, whose function is still unresolved, resem-

ble the mitochondrial plasmids of the higher plants, Zea
mays (Zabala and Walbot 1988), Sorghum (Dixon and
Leaver 1982), and Brassica (Turpen et al. 1987), which
have been associated with male sterility. The presence of
plasmid-like DNA in phytopathogenic fungi opens the
possibility that these are involved in determining aviru-
lence/virulence.

In the present study we established the presence of
plasmid-like DNA in certain isolates of barley powdery
mildew. To examine whether this DNA is correlated to
particular virulence genes or characteristics such as mat-
ing type, origin, and age, a large number of isolates were
analysed for presence or absence of plasmids. Transmis-
sion of the plasmid was studied in progeny derived from
crosses between mildew isolates differing in virulence and
plasmid characters.

Materials and methods
Fungal material

Isolates of barley powdery mildew (Erysiphe graminis DC. FR.
f. sp. hordei) were grown on susceptible barley until maximum
conidia production; the infected leaves were then harvested in
liquid nitrogen and stored at —20°C. Pure conidia of the isolates
EmA30, Race IX, NIIS, C15, and A6 were harvested by suction
from infected leaf sections kept on 0.5% agar with 40 mg1~*
benzimidazol. The conidia were frozen in liquid nitrogen and
lyophilysed.

Crosses between the isolates Race IX x NIIS and Race
IX x C15 were carried out in isolated greenhouse cabinets in the
spring. Leaves of 3-weeks-old barley plants were inoculated with
the two appropriate cultures. After about 3 months, cleistothe-
cia could be harvested on leaf sections and stored under dry
conditions.

Cleistothecia were placed on wet filter paper above barley
plants grown in a glass chimney (8 x 29 cm). As soon as mildew
colonies could be detected, they were isolated individually and
propagated on fresh barley plants. The virulence spectra of each
progeny isolate were determined by inoculating leaf sections



(kept on 0.5% agar, 40 mg 1~ * benzimidazol) from ‘Pallas’ iso-
genic barley lines (Keolster et al. 1986) carrying different resis-
tance genes. For DNA analysis, leaves infected with each prog-
eny isolate were harvested in liquid nitrogen and stored at
-20°C.

Purification of mildew DNA and detection of extranuclear DNA

Conidia were ground in liquid nitrogen using a mortar and
pestle. This preparation was suspended in 0.025 M TRIS-C],
25% wjv buffer containing 1mgml~' lysozyme, and
10 mg ml ! RNase, and loaded onto a 0.7% agarose gel essen-
tially as described by Eckhardt (1978). DNA from the high-
molecular-weight band containing nuclear and mitochondrial
DNA and DNA from the low-molecular-weight band were elec-
troeluted according to Maniatis et al. (1982).

Cloning of mildew DNA

Purified extrachromosomal mildew DNA from isolate EmA30
was digested to completion with the restriction endonuclease
EcoRI or HindII and ligated, using T4 ligase, Bethesda Re-
search Laboratory (B.R.L.), into EcoRI and HindIll-cut
pUC12 vector, respectively (Maniatis et al. 1982; Messing 1983).
Escherichia coli IM83 was transformed using the ligation mix
and Amp", Lac™ transformants were analysed by alkaline lysis
mini-preparation (Maniatis et al. 1982).

DNA preparations

High-molecular-weight DNA from mildew-infected leaves was
extracted by the method described by Sharp et al. (1988). Plas-
mid DNA was prepared essentially as described by Birmboim
and Doly (1979). Mitochondrial DNA from barley leaves infect-
ed with the isolates C15 and A6 was isolated according to the
method described by Kemble (1987).

Restriction enzyme digestion, electrophoresis,
and Southern blotting

Restriction endonuclease digestions were carried out using en-
zymes and buffers from B.R.L. Horizontal gel electrophoresis in
TRIS-borate buffer and Southern blotting were performed as
described by Maniatis et al. (1982). Nitrocellulose (Schleicher &
Schuell) and Zeta Probe (Bio-Rad) membranes were used.

Nuclease treatments

Mitochondrial DNA preparations were treated with DNase I,
RNase A (Boeringer Mannheim), respectively, according to the
manufacturers’ instructions.

Hybridisation methods

Blotted membranes were prehybridised in plastic boxes at 42°C
for 2-16 h in 45% formamide, 4 x SSPE (1 x SSPE=180 mM
NaCl, 10 mM sodium phosphate, 1 mM EDTA, pH 7.5),
6 x Denhard’s solution (0.02% BSA, PVP 360 and Ficoll 400,
w/v) 200 pg/ml salmon sperm DNA and 0.1% SDS. The hy-
bridisation was carried out in identical buffer with the addition
of 10% dextran sulphate for 16—-48 h at 42°C.

Plasmid DNA was nick-translated (B.R.L. Kit) with either
32P-labelled deoxynucleotides (Amersham International) or
biotinylated dUTP (B.R.L.). The DNA probes were denatured
by boiling for 5 min and were cooled on ice.

Radioactive blots were washed twice with 2 x SSC (1 x SSC
is 150 mM NaCl, 15 mM sodium citrate, pH 7.0), 0.1% SDS for
1 hat 67°C and twice with 0.5 SSC, 0.1% SDS for 0.5 h at 67 °C.
Filters were exposed at —70°C to Hyperfilm-MP film from
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Amersham, Biotin blots were washed four times with 2 x SSC,
0.1% SDS for 0.5h at 42°C, then subjected to the detection
procedure described by Chan et al. (1985).

Results

When a crude extract of powdery mildew conidia, isclate
EmA30, was loaded directly onto a gel and separated by
standard DNA electrophoresis, two bands appeared
(Fig. 1 Aa) — an upper band representing nuclear and
mitochondrial DNA, and a lower band of approximately
9 kb in size. We presume the lower band to be extrachro-
mosomal plasmid-like DNA.

Only with HindITI-digested plasmid-like DNA did we
succeed in obtaining a clone which gave a signal when
hybridising with labelled total plasmid-like DNA. This
clone, pPEH-7, contains a 1.35-kb fragment of the plas-
mid. Using this clone as a probe it became clear that the
1.35-kb HindIII fragment specifically recognised the
mildew plasmid DNA and showed no homology to high-
molecular-weight DNA (Fig. 1 Ac). As reference, a
mildew ribosomal clone, pGEH-45 [showing strong ho-

Fig. 1. A Southern hybridization analysis of DNA from mildew
isolate EmA30. Lane a: ethidium bromide stained gel section;
lane b: the signal obtained using a biotin-labelled ribosomal
pGEH-45 probe; lane c: the hybridisation signal obtained using
pPEH-7 as probe. HindIII-digested A DNA was used as marker,
23130, 9416, 6557, 4361, 2322, 2027 bp. B Gel electrophoresis
and Southern hybridisation analysis of powdery mildew isolate
A6. Lane a: ethidium bromide-stained gel section; Jane b: hy-
bridisation with (biotin-labelled) (pGEH-45) ribosomal probe;
lane ¢: hybridisation using pPEH-7 as probe
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Fig. 2. A Autoradiogram of DNA from uninfected barley (lane ) and barley infected with mildew isolate EmA30 digested with
restriction endonucleases and analysed by Southern hybridisation analysis, using pPEH-7 as probe. The following restriction digests
were carried out: lane b, Pst]; lane ¢, Pst1/Hind111; lane d, HindIIL; lane e, EcoR1/Pst1; lane f, EcoR1/HindI11; lane g, EcoR1; lane h,
BgIl1/Pst1; lane i, Bgi1l/Hind111; lane j, Bgill/EcoR1; lane k, Bgll1; lane |, BamH1. HindIII and EcoRI double-digested 4 DNA was
used as size marker. B Tentative restriction map of barley powdery mildew plasmid-like DNA

mology to wheat ribosomal clone pTA71 (Gerlach and
Bedbrook 1979)], was used as a probe, which only
showed homology to high-molecular-weight DNA
(Fig. 1Ab).

As only very small amounts of mildew plasmid-like
DNA could be obtained, restriction analysis was carried
out on restriction digests of total barley leaf and mildew
DNA. Southern blots and hybridisation with pPEH-7
then revealed the restriction map of the mildew plasmid
to the extent that the fragments obtained carry sequences
homologous to the HindIII fragment (Fig. 2A). No hy-
bridisation signal was obtained to restriction-digested
pure barley DNA, supporting the validity of the results
obtained from this analysis. A tentative map of the
mildew plasmid was constructed on the basis of single
and double digests (Fig. 2B).

An attempt was made to use the entire purified
mildew plasmid as a probe. However, too many unrelat-
ed sequences were present in the preparation, resulting in
a banding pattern that was too complex to interpret with
certainty.

Results of hybridisation with the clone pPEH-7 to
EcoRI restriction digest of 27 different powdery mildew
isolates are shown in Fig. 3. The signals obtained indicate
that different amounts of plasmid DNA may be present
in different isolates, but the results could also reflect the
proportion of mildew to barley DNA in the different
preparations. In 15 of the examined isolates, the cloned
fragment recognised homologous sequences, while the
remaining 12 isolates gave no signal. All isolates giving
signals had the same banding pattern, which was also the
case when the same experiment was carried out using the
restriction enzyme Bglll (data not shown). Plasmids in
different isolates thus appear to be closely related.

To check that these results reflect the presence or
absence of plasmids in the respective isolates, pure
mildew DNA from the isolates C15 and NIIS, with sig-
nals, and A6 and Race IX, without signals, were
analysed. The results showed that C15 and NIIS does
carry a plasmid, and hybridisation with pPEH-7 and a
genomic probe, pGEH-45, gave a pattern identical to
that observed for EmA30 (Fig 1 A). The isolate A6 did
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Fig. 3. Autoradiogram from Southern hybridisation analysis of EcoRI-digested DNA from the mildew isolates listed in Table 1
probed with pPEH-7. HindIlI-digested 1 DNA was used as size marker
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Fig.4A and B. Southern analysis of endonuclease-digested
DNA from barley and mildew isolates MH9, A, and C15, B,
using pPEH-7 as probe. The following restriction digests were
carried out: lane a, EcoRV; lane b, Xho, lane ¢, Pst1; lane d,
Hindlll; lane e, Bgl1l; lane f, EcoR1. HindIII-digested 2 DNA
was used as size marker

not contain a plasmid (Fig. 1 Ba) and hybridisation with
pPEH-7 showed that no homologous sequences were
present in the high-molecular-weight nuclear or mito-
chondrial DNA (Fig. 1 Bc). The same results were ob-
tained for Race IX.

Mildew isolates collected in the field, Zealand 1986
and Jutland 1987, were tested for the presence of plas-
mid-like DNA. Five of the six isolates from Jutland har-
boured plasmid, whereas the six isolates from Zealand
did not (data not shown). Different isolates of wheat
mildew from Zealand were tested for presence of the
plasmid sequence, pPEH-7, but no homology was detect-
ed.

A more detailed restriction digest analysis was carried
out on the Scandinavian isolate, C15 (which has been
kept under laboratory conditions for 25 years), the Israeli
isolate, NIIS, and three of the newly collected isolates
from Jutland, MH12, MH9, and MH4. NIIS, Ci5,
MH12, and MH4 all had the restriction pattern shown in
Fig. 4B, whereas MH9 showed a different restriction
pattern (Fig. 4 A).

All available data on the examined barley powdery
mildew isolates are collected in Table 1. From this it is
apparent that the plasmid is not related to a specific
mating type. Mildew isolates originating from Europe
and Israel are found both with and without plasmid
DNA. The isolate CR3 from the USA and both the
Japanese isolates, Race I and Race IX, lack plasmids.
Plasmids are present in isolates which have been kept
under laboratory conditions for up to 25 years, C15
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Table 2. Segregation for plasmid type (+ and —) and infection type (0-4) of powdery mildew progeny isolates

Plasmid Mil-al -a3 -a6 -al2 -g -k -h -(La)
Parental NIIS + 4 4 4 4 4 4 4 4
isolates: Race IX — 0 1 0 1 0 2 1 2
Progeny Al - 0 4 4 1 0 2 1 4
isolates: 2 — 0 4 4 1 0 2 1 4
3 - 4 4 4 1 0 2 4 4
4 - 0 4 4 4 0 2 4 4
5 + 0 4 4 1 0 2 1 4
6 - 4 4 4 4 0 2 4 4
B1 + 0 1 4 4 0 4 1 4
2 + 4 1 4 1 0 2 4 4
4 -+ 4 1 0 1 0 2 1 4
C1 + 4 1 4 1 0 4 1 4
2 + 0 1 4 1 0 2 1 2
3 + 4 1 0 4 0 2 1 2
Plasmid Mil-a3 -at -g -h
Parental C15 + 4 2 4 4
isolates: Race IX - 1 4 0 1
Progeny D1 + 4 4 4 1
isolates: 2 + 1 4 0 4
3 + 4 4 4 1
4 + 1 2 0 4

(Table 1), and also in newly sampled isolates. Presence or
absence of plasmid shows no correlation to particular
avirulence/virulence genes.

To determine the inheritance of the plasmid DNA,
progeny was isolated from single cleistothecia of crosses
between mildew isolates with and without plasmid. From
100 single cleistothecia from a cross between Race IX
and NIIS, only 3 gave progeny. One group consisted of
five progeny isolates without plasmid and one with, and
two groups of three progeny isolates all carried plasmid
DNA. Only one set of progeny was obtained from 100
single cleistothecia from a cross between Race IX and
C15. The four progeny in this group all carried plasmid
DNA. The plasmid appear to be mostly, but not strictly,
maternally inherited. The virulence spectra and presence
or absence of plasmid-like DNA in progeny isolates are
presented in Table 2. None of the segregations of mildew
avirulence/virulence genes tested correspond to that ob-
served for the plasmid. Thus, there is no correlation be-
tween a particular virulence character and the presence
or absence of plasmid-like DNA.

Mitochondria from mildew-infected barley leaves
were isolated to determine whether the plasmid was pres-
ent in this organelle. Figure 5 A shows that, in addition to
high-molecular-weight DNA, the mitochondria from iso-
late C15 also contains the 9-kb band and four additional
low-molecular-weight bands. The A6 mitochondria only
contain high-molecular-weight DNA. Hybridisation
with pPEH-7 confirms the presence of plasmid in mito-

chondria of C15 (Fig. 5B), and no homology to high-
molecular-weight DNA is observed. No signals were ob-
tained to mitochondrial DNA of A6 (Fig. 5B). Hybridi-
sation with pGEH-45 only showed homology to total
DNA (Fig. 5C), indicating that the mitochondrial frac-
tion was free of genomic DNA.

To determine whether the low-molecular-weight
bands consist of DNA or RNA, the mitochondrial DNA
preparations (Fig. 6a) were treated with DNase I and
RNase A, respectively. DNase I treatment caused the
disappearance of high-molecular-weight DNA and the
9-kb plasmid band (Fig. 6b). The lower bands, however,
were resistant to DNase I treatment (Fig. 6b), but sus-
ceptible to RNase A treatment (Fig. 6¢), indicating that
they represent double-stranded RINA.

Discussion

The plasmid reported in this paper is the first to be found
in a strictly obligate parasitic fungus. Due to the difficul-
ty of obtaining a sufficient amount of pure plasmid
DNA, we have not been able to determine whether the
plasmid is circular or linear. The cloned sequence does
not show homology to high-molecular-weight DNA but,
until we are able to analyse the entire plasmid, we cannot
exclude the possibility that it harbours mitochondrial or
nuclear sequences. Circular plasmids from Cochliobolus
heterostrophus (Garber et al. 1984) and Podospora anseri-



Fig. SA-C. Southern analysis of mitochondrial DNA from
barley leaves infected with the isolates C15 and A6. A Ethidium
bromide-stained gel of; lane a, total DNA from barley infected
with mildew isolate C15; lane b, mitochondrial DNA from bar-
ley infected with isolate C15; lane ¢, mitochondrial DNA from
barley infected with isolate A6. HindIIl-digested A DNA was
used as molecular marker. B Autoradiogram showing signals
from hybridisation with 32P-labelled pPEH-7. C Autoradio-
gram showing signal from hybridisation with 3?P-labelled
pGEH-45

na (Stahl et al. 1978) have been found which show ho-
mology to the mitochondrial genomes of these species. In
Claviceps purpurea and Fusarium oxysporum f. sp. con-
glutinans, linear plasmids have been found in mitochon-
dria, but no homology to mitochondrial DNA was de-
tected (Tudzynski et al. 1983; Kistler and Leong 1986).

The tentative restriction map (Fig. 2) shows that if
the plasmid is linear, the cloned HindIII fragment is
located internally and that only one site for EcoRI is
present. Attempts at cloning plasmid DNA using EcoRI
have all failed, which could be explained by linearity of
the plasmid. Future attempts at cloning should concen-
trate on the Bglll sites.

Restriction analysis of different barley powdery
mildew isolates using the cloned sequence indicated
strong homology between plasmids (Figs. 3 and 4). It is
curious that the only polymorphism detected in the bar-
ley powdery mildew plasmids is among the recently col-
lected isolates in Jutland (Fig. 4).

Fig. 6. Ethidium bromide-stained gel of nuclease-treated mito-
chondrial DNA preparation of barley and mildew isolate C,;
lane a, untreated sample; lane b, DNasel-treated sample; lane c,
RNase A-treated sample. HindIll-digested 2 DNA was used as
molecular marker

As the clone only covers a part of the whole plasmid,
pure mildew DNA from a few isolates which did not
show homology to the cloned sequence was analysed by
preparative gel electrophoresis (Fig. 1B). No plasmid
bands were observed in these isolates, which indicated
that plasmid DNA is inessential for fungal survival, as
also reported for plasmids of Claviceps purpurea (Diivell
et al. 1988) and Fusarium oxysporum (Kistler and Leong
1986).

In an attempt to assign a function to the plasmid, all
available data on 27 different mildew isolates were col-
lected (Table 1). There appears to be no correlation be-
tween the presence of plasmid DNA and mating type.
Geographically, the plasmid occurs frequently in Eu-
ropean isolates, but the American isolate, CR3, and the
Japanese isolates, Race I and Race IX, do not harbour
plasmids. Accordingly, we cannot conclude anything
about the presence of plasmids in mildew from these
regions. Qur one isolate from Israel, NIIS, does contain
plasmid DNA and the restriction digest pattern is identi-
cal to that of C15 isolated in Sweden (Fig. 4).

Geographical separation, NIIS and C15, and the 23-
year time span between the collection of C15 and HM12
have otherwise shown the plasmid to be stable and with



limited polymorphism. The plasmid in the barley mildew
thus appears to be less diverse than plasmids in Fusarium
solani (Samac and Leong 1988), Rhizoctonia solani
(Hashiba 1987), and Claviceps purpurea (Diivell et al.
1988), where differences are found in restriction sites and
cross homology. Caution must be taken in interpreting
our results, as only an internal 1.35-kb clone of the 9-kb
mildew plasmid has been used in the analysis. It is possi-
ble that a study of the entire plasmid would reveal greater
polymorphism than we have been able to detect.

By analysing Table 1 it is clear that none of the
known avirulence/virulence genes towards particular re-
sistance genes are correlated to the presence or absence of
the plasmid DNA. This is further supported by our re-
sults on the transmission of plasmid DNA and the viru-
lence spectra of the progeny from the crosses between
isolates NIIS and Race IX, and C15 and Race IX
(Table 2). From this it is clear that the segregation of the
specific avirulence/virulence genes analysed is indepen-
dent of the transmission of plasmid DNA.

The segregation ratios of particular avirulence/viru-
lence genes in the progeny isolates are not as expected for
random segregation (Table 2), e.g., there are no segrega-
tions for five of the eight genes tested in the progeny lines
A 1-6. Since the progeny segregate for the correct genes
as known from the parental types, we presume the cross
to be correct. This is also supported by analysis of segre-
gation from progeny lines derived from a large number of
cleistothecia from the same cross which showed the ex-
pected ratios. As these are the first results from analysis
of progeny from single cleistothecia, we do not know
whether this may cause some bias.

The powdery mildew fungus is heterothallic and the
determination of which isolate acts as the maternal or
paternal parent is presumably random. To establish the
inheritance of the plasmid, progeny from single cleis-
tothecia was analysed. This revealed that the plasmid was
predominantly maternally inherited (Table 2), agreeing
with the mitochondrial localisation of the plasmid
(Figs. 5 and 6). However, it appears that the mildew
mitochondria are not strictly maternally transmitted, as
one progeny isolate diverged from its sibling lines with
regard to the presence of plasmid. Maternal inheritance
has been reported for linear plasmids in Fusarium (Samac
and Leong 1988) and Ascobolus (Francon 1981), and for
the circular mitochondrial plasmids in Neurospora (Stohl
et al. 1982).

Only in the plasmid containing mitochondria from
the isolate C15 did we observe the presence of double-
stranded RNAs (Figs. 5 and 6). Whether there is a con-
nection between the plasmid and the RNAs, and what
the function of these molecules is in the pathogen, cannot
be determined by the present results.

In conclusion, the plasmid-like DNA in barley pow-
dery mildew is found in the mitochondria and does not
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carry any of the specific avirulence/virulence genes exam-
ined. The plasmid is frequently found in European iso-
lates and is present both in newly collected field isolates
and in isolates which have been kept under laboratory
conditions for many years. Maternal inheritance opens
the possibility of using the presence of plasmid as a cyto-
plasmic marker.

Acknowledgements. The technical assistance of M. Elm An-
dersen, R. Sillesen, B. Skovsgaard, and S. Djurdjevic is grateful-
ly acknowledged. B. Stougaard is thanked for supplying pow-
dery mildew isolates from Jutland.

References

Birmboim HC, Doly I (1979) A rapid alkaline extraction proce-
dure for screening recombinant plasmid DNA. Nucleic
Acids Res 7:1513~1523

Chan VTW, Fleming KA, McGee JO’D (1985) Detection of
subpicogram quantities of specific DNA sequences on blot
hybridization with biotinylated probes. Nucleic Acids Res
13, 22:8083-8091

Dixon LK, Leaver CJ (1982) Mitochondrial gene expression and
cytoplasmic male sterility in sorghum. Plant Mol Biol 1:89~
102

Diivell A, Hessberg-Stutzke H, Oeser B, Rogmann-Backwinkel
P, Tudzynski P (1988) Structural and functional analysis of
mitochondrial plasmids in Claviceps purpurea. Mol Gen Ge-
net 214:128-134

Eckhardt T (1978) A rapid method for the identification of
plasmid desoxyribonucleic acid in bacteria. Plasmid 1: 584~
588

Flor HH (1955) Host-parasite interactions in flax rust — Its
genetics and other implications. Phytopathology 45:680—
685

Francon F (1981) Isolation and characterization of a linear
DNA molecule in the fungus Ascobolus immersus. Mol Gen
Genet 184:440-444

Garber RC, Turgeon BG, Yoder OC (1984) A mitochondrial
plasmid from the plant pathogenic fungus Cochliobolus het-
erostrophus. Mol Gen Genet 196:301-310

Gerlach WL, Bedbrook JR (1979) Cloning and characterization
of ribosomal RNA genes from wheat and barley. Nucleic
Acids Res 7:1869-1885

Giasson L, Lalonde M (1987) Analysis of a linear plasmid iso-
lated from the pathogenic fungus Ceratocystis fimbriata Ell
& Halst. Curr Genet 11:331-334

Hashiba T (1987) Plasmids responsible for pathogenicity and
morphology in Rhizoctonia solani. In: Nishimura S, Vance
CP, Doke N (eds) Molecular determinants of plant diseases.
Japan Scientific Society Press, Tokyo Springer, Berlin
Heidelberg New York, pp 157-170

Hermansen JE (1980) A spontanecous mutation in Erysiphe
graminis f. sp. hordei for virulence to host gene M/-g. Phyto-
pathol Z 98:171-177

Hiura U, Heta H (1955) Studies on the disease resistance in
barley. III. Further studies on the physiologic races of
Erysiphe graminis hordei in Japan. Ber Ohara Inst Land-
wirtsch Biol 10:135--156

Honeyman AL, Currier TC (1986) Isolation and characteriza-
tion of linear DNA elements from the mitochondria of Gaeu-
mannomyces graminis. Appl Env Microbiol 52:924-929

Jensen HP, Jorgensen JH (1981) Powdery mildew resistance in
genes in Northwest European winter barley varieties. Dan J
Plant Soil Sci 85:303-319



64

Kemble RJ (1987) A rapid, single-leaf, nucleic acid assay for
determining the cytoplasmic organelle complement of rape-
seed and related Brassica species. Theor Appl Genet 73:364—
370

Kistler HC, Leong SA (1986) Linear plasmid-like DNA in the
plant pathogenic fungus Fusarium oxysporum f. sp. congluti-
nans. I Bacteriol 167:587-593

Kolster P, Munk L, Stelen O, Lehde J (1986) Near-isogenic
barley lines with genes for resistance to Erysiphe graminis f.
sp. hordei. Crop Sci 26:903-907

Maniatis T, Fritsch EF, Sambrook I (1982) Molecular cloning:
a laboratory manual. Cold Spring Harbour Laboratory
Press, Cold Spring Harbor/NY

Messing J (1983) New M13 vectors for cloning. Methods Enzy-
mol 101:20~-78

Moseman JG (1959) Host-pathogen interaction of the genes for
resistance in Hordeum vulgare and for pathogenicity in
Erysiphe graminis f. sp. Hordei. Phytopathology 49:469-472

Moseman JG (1968) Reactions of barley to Erysiphe graminis
f. sp. hordei from North America, England, Ireland, and
Japan. Plant Dis Rep 52:463-467

Samac DA, Leong SA (1988) Two linear plasmids in mitochon-
dria of Fusarium solani f. sp. cucurbitae. Plasmid 19:57-67

Schwarzbach E (1979) Response to selection for virulence
against the mi-o based mildew resistance in barley, not fitting
the gene-for-gene hypothesis. Barley Genet Newsl 9:85-88

Sharp PJ, Kreis M, Shewry PR, Gale MD (1988) Location of
p-amylase sequences in wheat and its relatives. Theor Appl
Genet 75:286-290

Stahl U, Lemke PA, Tudzynski P, Kiick U, Esser K (1978)
Evidence for plasmid-like DNA in a filamentous fungus, the
ascomycete Podospora anserina. Mol Gen Genet 162:341—
343

Stohl LL, Collins RA, Cole MD, Lambowitz AM (1982) Char-
acterization of two new plasmid DNAs found in mitochon-
dria of wild-type Neurospora intermedia strains. Nucleic
Acids Res 10:1439-1458

Tudzynski P, Esser K (1985) Mitochondrial DNA for gene cloning
in eukaryotes. In: Bennett JW, Lasure LL (eds) Gene manip-
ulations in fungi. Academic Press, New York, pp 403416

Tudzynski P, Diivell A, Esser K (1983) Extrachromosomal ge-
netics of Claviceps purpurea. Curr Genet 7:145-150

Turpen T, Garger SI, Marks MD, Grill LK (1987) Molecular
cloning and physical characterization of a Brassica linear
mitochondrial plasmid. Mol Gen Genet 209:227-233

Wiberg A (1974) Sources of resistance to powdery mildew in
barley. Hereditas 78:1-40

Zabala G, Walbot V (1988) An S1 episomal gene of maize
mitochondria is expressed in male sterile and fertile plants of
the S-type cytoplasm. Mol Gen Genet 211:386-392



