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Preface

The NJF seminar no. 188, Diaease resistance in agricultural crops, was held at Ås Il-
14th of February 1991. The seminar was arranged by Nf Fvsections li and IV: "Working
group for winter survival of agricultural crops" and "Working group for disease
resistance in cereals", in connection with the centennial of Plant Protection in Norway.
Altogether 31 lectures were given etl the seminar, of which 14 are puhlished here.
Abstracts of all lectures are published in Nordisk Jordbruksforskning 73 (3), 512-545.
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Snow mould fungi in Canada

J. DREW SMITH
University of Saskatchewan, Saskatoon, Saskatchewan, Canada

Drew Smith, J. ll/l/2. Snow mould fungi in Canada. Norwegian Journal of
Agricultural Sciences. Supplement No. 7. 5-12. ISSN 0801-5341.

The range, relative importance, and reccnt studies on the snow mould fungi
found on grasses, winter cereals and other crops in Canada are reviewed.
Microdochium nivale, Sclerotinia borealis, Typhula incarnuta, T. ishikariensis
vars. ishikariensis and canadensis, Coprinus psychromorbidus, (in the non
sclerotial (LTB) and sclerotial (SLTl:l) forms), and the weak paibogens.
Phoma scterotiodes and Acremonium boreale are currently recognized as
common snow moulds of grasses and cereals in Canada. C. psychromorbidus,
P. sclerotiodes and A. boreale also occur on forage legurnes. C. psychro
morbidus also causes a storage rot of pome fruit. Snow moulds and other
fungi occur in complexes. Typhula phacorrhiza and Acremo11ium boreale
have been tested as possible biological control agents for snow mould diseases
of turfgrasses. Changes in climate may modify the incidence of snow diseases
in the prairie region.

Key words: Antagonists, biological control, cereals, climate change, forage
legu mes, grasses, pathogens, saprobes, wi n ter cereals.

J. Drcw Smith, University of Saskatchewan, Saskatoon, Saskatchewan, Canada
S7N OWU

This paper reviewes the range, relative importance and recent studies on the snow
mould fungi found on grasses, cereals and other crops in Canada. The possible influence
of climatic changes on the incidence of snow moulds is also discussed.

SNOW MOULDS IN CANADA

Microdochium ni vale (Fries) Samuels & Hallet ( 1983) (syn. Fusarium nivale Ces.) with a
teleomorph Monographella nivaiis (Schaffnit) E. Muller ( 1977) is a high ly variable
mesophilic fungus (Bennet 1933; Smith I 957, I 983) which is pathogenic on grass and
cereal hosts from temperate to boreal regions in Canada and causes fusarium patch
disease of turfgrasses. Although rnesophilic, some isolates will grow at temperatures
below 0°C. However, a snow cover is not a requirement for disease development. Initial
pre-nival infections may develop further under the snow. Pink sporodochia produced on
infected plants on exposure to light after snow melt give rise to the symptoms of pink
snow mould. Canadian isolates from turfgrasses could not be induced to produce
ascocarps, but those from cereals did sa on wheat straw in artificial culture (Smith
1983).

Sclerotinia borealis Bubak & Vleugel (Vleugel 1917) (synonym Myriosclerotinia
borealis (Bubak & Vleugel) Kohn isa low-temperature-tolerant pathogen of grasses and
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cereals causing sclerotinia snow mould in regions with prolonged, heavy snow cower,
particularly north of the Canadian/US border. There are no macroconidia, but sper
matia or microspores have been reported in culture by Canadian and Russian workers
(Smith 1987). The mould has been found on turfgrasses from Lat. 44°N in southern
Ontario, and from Minnesota (Stienstral 1980) to southern Manitoba and Saskatchewan
(Lat. 50°N) to the Prince George region in Br itish Columbia (Lat. 54°N) and Alaska
(Lat. 60°N). In western Canada two epidernic seasons were notecl in 1971/72 and
1973/74 on grasses and winter cereals (Smith 1987). In the clrier portions of the
Canadian prairies, e.g. in southern Saskatchewan, where seasonal change in temperature
is rapid and autumn is orten dry, sufficiently long periods of weather favourable for
apothecial development are probably rare. Apothecia have not yet been found in
Saskatchewan, but have been recorded from southwest Alberta (L. Piening, personal
communication) and the more humid climate of the Peace River region of British
Columbia (J.G.W. Davidson, personal cornrnunication). Contradictory evidence has
been obtained on the relative importance of ascospores, sclerotia, or mycelial inoculum
in initiating infection, and the epidemiological significance of unfrozen versus frozen
ground or leaf tissues is in dispute (Tomiyama 1955; Årsvoll 1975; Sakurna & Narita
196J; Matsumoto & Araki 1982; Smith 1974). The competitive saprophytic ability
(CSA) of S. borealis is low and its mycelial growth rate is slow. It was shown that S.
borea/is had an optimum ternperature for mycclial growth in culture of 0°C, following
initial optima of 5- I 5°C (Ward 1968). lee crystals in the culture medium rctarded, but
did not prevent mycelial growth on agar medium (Tomiyama 1955; Ward 1968). Once
infection is establishecl a long duration snow cover and declining carbohydrate reserves
are necessary for severe epidemics.

T. incarnata (Lasch ex Fries), causing typhula blight or gray snow mould, is widely
distributcd across Canada, but is found particularly in regions with milder winter
temperatures, e.g. in the valleys of southern British Columbia. The pathogen is less
common than Typhula ishikariensis vars. in regions with colder winter temperatures and
a longer duration of snow cover. However, the two species occasionally may occur
together in disease complexes (Burpee et al. 1987; Smith & al. 1989). The higher CSA
of T. incarnata is probably the major factor ensuring its ecological niche in competition
with the more highly virulent T. ishikariensis (Matsumoto & Sato 198J). T. incarnata
has a higher optimum mycelial growth temperature than T. ishikariensls (Smith 1987)
and it will cause turfgrass snow mould with very light, brief snow cover. In Canadian
prairies, two varieties of T. ishikariensis var. ishlkariensis and var. canadensis (Årsvoll
& Smith 1978) are the most common. T. ishikuriensis var. idahoensls has not been re
cognized. The profuse, weblike, superficial aeriel mycelium in which the small sclerotia
of var. canadensis are suspended suggestes that the rnycelium and sclerotia are signi
ficant means of dispersal of this pathogen in this windy region of Canada. Although
sclerotia of all varieties of T. ishikariensis will produce fertile sporophores under cont
rolled conditions (Årsvoll & Smith I 978) these have not been observed in nat ure in
Saskatchewan in inoculated turf or in pots exposed to autumn weather. It was found
that sclerotia of several isolates of T. ishikariensis var. canadensis and T. incarnata
produced in culture on sterile rye in 197J and stored for 16 years in polyethylene bags
at -7°C were still via ble and pathogenic on Poa pratensis turf when used as inoculum in
late fall 1989 under conditions unfavourable for sporophore production (Smith
unpublished). In Ontario, Burpee et al. (1987, 1990) obtained significant suppression of
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typhula blight of creeping bentgrass turf caused by T. ishikariensis var. ishikariensis by
the application of inoculum of a non pathogenic isolate of Typhula phacorrhiza Fr. The
mechanism involved in suppression was considered to be nutrient competition rather
than hyperparasitism or cellular lysis induced by an antibiotic or hyphal contact.
However, antibiosis may be involved in the antagonism.

Coprinus psychromorbidus Redhead & Traquair ( 1981 ), causing Cottony Snow
Mould of grasses, winter cereals, herbage legurnes and several other hosts, is a small
agaric of the Coprinus urticicola complex of the section Herbicolae. It was found by
Traquair ( 1980) fruiting on the necrotic crowns of lucerne tMedicago sativa L.), dug
from the field, subjected to a freezing test then allowed to recover in the greenhouse. It
was also found fruiting on stolons in an Agrostis stolonijera L. sod, showing symptoms
of low-temperature basidiomycete (LTB) snow mould brought into a green house main
tained at ca. 22°C (Smith 1987). A mycelial non sclerotial (LTB) and a sclerotial form
(SLTB) were shown to be conspecific with C. psychroniorbidus by di-mon parings
(Traquair & Smith 1982). A conspecific mycelial form (FRLTB) causes rot of pome
fruits (Spotts et al. 1981 ). None of the isolates from apples were pathogenic on Poa
pratensis (Gaudet & Sholberg 1990). Great variation in pathogenicity has been found in
isolates from different hosts. The optimum temperature for most isolates on winter
wheat is -J°C (Gaudet 1986). The optimum temperature for in vitro growth of most
LTB strains is I 2.5- I 7.5°C (Gaudet & Sholberg 1990; Smith 1987; Traquair 1980; Ward
et al. 1961), but isolate (DAOM 198181) has an optimum growth ternperature of 22°C
(Traquair 1980). Gaudet & Sholberg ( 1990) suggest that there are different optimum
temperatures for isolates depending on whether growth is parasitic or saprobic. Lower
optimal temperatures for parasitic versus saprobic growth in snow mould fungi may
depend on the restriction of antagonists at the lower temperatures (Matsurnote &
Tajimi 1988).

The sclerotial form (SLTB) of C. psychromorbidus has a si mi lar range and
distribution in western Canada as the non sclerotial (LTB form). The sclerotia are found
in spring on the leaves, culms and sheaths of diseased cereals and grasses, and on forage
legurnes and many other hosts as well as developing on twigs and other plant debris
lying on the substrate. The selerotta also develop in culture on agar media. SLTB
isolates usually have woollier and more adpressed mycelium than LTB isolates and are
less virulent than the latter (Gaudet 1986; Traquair & Smith 1982). They generally have
lower optimum growth temperatures (10°C to 15°C) than non sclerotial isolates, bul
the ranges for LTB and SLTB overtap. Sorne isolates may remain sclerotial in culture
for many years (Smith 1987), while others, after several transfers, resemble LTB isolates
(Traquair & Smith 1982). Although not proven, it seems possible that the SLTB
sclerotia indicate the oversummering stage of the fungus.

A dcep snow cover providing fairly constant temperatures -1 ° and -5°C was found
to be most conducive to the development of LTB snow mould in winter wheat. A thin,
brief snow cover perrnitted slight penetration and internal development was possible
without a persistent snow cover (Gaudet et al. 1989). As with Typhula spp. and
Microdochium niva/e in cereals and grasses (Bruel & Cunfer 1971; Abe 1986; Amano &
Osanai 1981) disease resistance to LTB in winter wheat was found independent of
freezing resistance (Gaudet et al. 1989).

Date of inoculation may be a significant factor in the development of disease in
turfgrasses. Replicated turfgrass plots of mown Poa pratensis were inoculated in discrete
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specific locations with aliquots of rye cultures of a turfgrass LTB isolate on 12 J une, 17
August and 18 October 1989. Eight of ten plots inoculated on 18 October showed LTB
symptoms, I of 10 inoculated on 17 August was diseased, but none inoculated on 11
June or control plots inoculated with sterilized rye grain checks showed symptoms of
the mould disease in spring 1990 (Smith, unpublished).

Phoma sclerotiodes (Preuss ex Sacc.) (synonym Plenodomus meliloti (Dearness &
Sanford), causing a brown root rot, has a wide host range on plants from regions in the
northern hemisphere with severe winters (Smith 1987). In Canada, it is possibly a
pathogen, particularly on dormant forage legurnes (Sanford 1933; B.D. Gassen, personal
communication), or more usually a primary invasive saprobe on plants damaged by low
temperatures during the winter quiscent period. Pathogenicity on grasses and cereals has
not been proven experimentally. In senescent winter cereals it is often found in complex
with the sclerotial form (SLTB) of C. psychromorbidus on crowns and roots (Smith
1987; Smith & Piening 1980). It has been found as the dominant fungus on winter
damaged grasses, e.g. on Fcstuca rubra in Alaska (Lebeau & Logsdon 1958) and on
Dactylis glomerata which is not fully winter hardy at Saskatoon (Knowles & Smith
1981 ).

Acremonium boreale Smith & Davidson ( 1979) (telemorph - Neiria tubercularifor
mis (Rehm ex Sacc.) Winter (Samuels et al. 1984) is common on grasses and rnany
other species and plant debris in Canada from Ontario to British Colombia (Smith
1987). It has an arctic/alpine distribution on herbaceous hosts from Norway, the Swiss
Alps, Austria, N. Dakota and Colorado (Samuels et al. 1984). Although weakly
pathogenic on gnisses, its main significance is as a low-temperature-tolerant, slow
growing, primary invasive saprobe. lts sclerotia-like stromata are aften collected with
sclerotia of C. psychromorbidus, 5. borculis, and Typhula sp. from snow mould damaged
turfgrass in western Canada. lmmature strornata have been found on green aerial
portions of Bromus inermis at snow melt and associated mycelium is deep-seated in
plant tissues, but has not been shown to be an endophyte. Although slow growing,
isolates of the fungus show strong in vitra antagonism towards several psychrophilic and
mesophilic fungal pathogens (Samuels et al. 1984; Smith & Davidson 1979). It has been
field tested as a possible biological control agent against snow mould diseases of Agrostis
stolonlfera tu rf. Fields tested against Microdochium ni vale in 1987/88 and 1989/90 and
against complexes of M. nivale and C. psychromorbidus in two field tests in 1989/90
gave inconclusive results. Snow mould incidence in all cases was low (Smith, unpub
lished). In a fully replicated test under controlled conditions the results suggested that
the antagonist might be pathogenic at higher dosages or that the antagonist and the
pathogen were antagonizing other psychrophilic pathogens in the turf, e.g. M. nivale,
which was isolated (Smith & Gassen, in press).

Climatic change and snow mould incidence
The recorded history of the Canadian prairies is patterned with drought cycles. One of
the predicted effects which would result from a doubling of the carbon dioxide
concentration of the atmosphere, i.e. the "greenhouse effect", is that the frequency and
severety of droughts is Saskatchewan over any 20-30-year period would be greater
(Williams et al. 1988). On the average, snow contributes approximately one-third of the
mean total precipitation at Saskatoon and the mean annual snowfall has declined over
the last three decades. This may be one of the causes for the decline in importance of
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injury attributable lo C. psychromorbidus, T. ishikariensis and M. borealis in grasses and
winter cereals which require a long, deep snow cover and the prominence of M. nivale
and desiccation injury in Saskatchewan (Smith, in press).
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The most serious low-temperaturc fungi causing winter mjurres in grass
lands in northern Norway are Myriosclerotinia borealis (Bubak & Vleugel)
Kohn and Typhula ishikariensis lrnai. In regions with stable and cold winters
with a continuous snow cover of 150-180 days or more, the grasslands are
highly exposed to low-temperature fungi. Young timothy plants are less re
sistant to M. borealis and T. ishikariensis than older ones. Severe winter
injurics caused by low-temperature fungi are usually more frequent in the
first year of timothy ley than in older leys. In the eastern part of Finnmark
mowing timothy at about the heading stage leads to a higher frequency of
winter injuries caused by low-temperature fungi than moving at a later sta
ge. In western parts of Finnmark. weed control in timothy leys using
phenoxycarboxylic acid cornpounds in August and September resulted in
severe injuries, caused by both ice-encasernent and low-temperature fungi.

Ivar L. Andersen, Holt Research Station, N-90110 Tromsø, Norway.

In 1906 Ulander ( 1910) recorded the first observations of winter injuries to grasslands
(cocksfoot) in northern Fennoscandia caused by a low-temperature fungus. The fungal
pathogen responsible was Myriosclerotinia borealis (Bubac & Vleugel) Kohn. Later,
several studies were carried out to obtain more information about the distribution of
low-temperature fungi, causing winter injuries in Finland (Jamalainen 1949, 1957;
Måkelå 1981), Sweden (Ekstrand 1947, 1955) and Norway (Andersen 1960, 1966, 1990;
Røed 1956, 1960; Årsvoll 1973, 1975). The results of these studies indicated that M.
borealls and T. ishikariensis occurred and caused winter injuries in grasslands in the
most northerly part of Finland, Sweden and Norway.

WINTER JNJURIES IN GRASSLANDS IN NORTHERN NORWAY CAUSED BY
ABIOTIC FACTORS RELATED TO THE WINTER CONDITIONS

The most important fungi causing winter injuries in northern Norway are
Myriosclerotlnia borealis and Typhula ishikaricnsis. Districts with stable winter weather
and continuous snow cover are the most exposed to low-temperature fungi. According
to Årsvoll (1971), severe attacks of M. borealis occur in localities with more than 180
days of snow cover, including I I 0-120 ice days. The corresponding data for T. ishi-
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kariensis are I 50 and 80 days. The regions most exposed to low temperature fungi in
northern Norway are Pasvikdalen, Tana and Alta in Finnmark county, Nordreisa and
the surrounding districts of Tromsø in Troms county and the inland districts of Rana,
Hemnesberget and Vefsn in Nordland county. A distribution map of M. borealis and T.
ishikariensis for northern Norway is presented in Fig. 1.
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Fig. I. Distribu t ion maps uf Myriosctcrotinia borealis (a) and Typhula ishikaricnsis (h) for northern
Norway. Main ly basedun Årsvoll ( 1975) and Andersen (19911)

The low ternperature fungus Typhula incarnata (Lasch ex Fries) also occurs frequently
in northern Norway. It is found in seven grass species, but in nearly all cases there has
been no severe injuries. However, strains of cocksfoot deriving from the southern part
of Europe, have been totally damaged by T. incarnaia in a field experiment at Holt
Research Station.

Årsvoll ( 1975) isolated another eight weak low temperature fungi on grasses in nor
thern Norway. One of the species, Dactylaria grominicola Årsvoll, was described and
named for the first time by Årsvoll ( I 975a).
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WINTER INJURIES CAUSED BY LOW TEMPERATURE FUNGI IN RELATION
TO THE DEVELOPMENT OF TIMOTHY

Mowing of timothy at the heading stage has usually resulted in unsatisfactory over
wintering. This is clearly shown in several investigations carried out in northern Norway
during the last 40-50 years (Hansen 1946; Larsen 1972; Valberg & Bø 1972; Østgård
1962).

In the period 1922-60 severe winter injuries occurred only every eight years in the
eastern part of Finnmark (Andersen 1960). In contrast, severe winter injuries has occur
red every 3-4 years during the last 15-20 years in this region. Moving timothy at about
the heading stage is believed to have caused a delay in production of new vegetative
shoots and to have reduced the condition of the plants before overwintering. Årsvoll
( 1977) showed that young timothy plants were less resistant to Myriosclerotinla boreal is
and Typhula ishikariensis than older ones.

Preliminary investigations have been carried out in Tana and Pasvikdalen to gather
more information about the effects of early mowing of timothy on the frequency of
years with severe winter injuries (Fig. 2).

% timothy in
the fields

Moving about the heading stage
Moving 4 weeks later

100

50

0

Pasvikdalen

'S'tart

Tana

Start 1. 2. 3. years

Fig. 2. Effects of rnowing tirnothy at different development stages on the frequency of this species in
experiment fields at Tana and in Pasvikdalen

After the second and the third overwintering, mowing the leys at around the heading
stage gave significant less timothy in the fields compared with mowing four weeks later.
In Pasvikdalen most of the winter injuries were caused by M. borealis, while both T.
ishikariensis and M. borealis caused the winter injuries at Tana (Andersen 1986).

Late sowing of timothy in August and the first part of September has frequently led
to increasing injury caused by low-temperature fungi (Nissinen & Satonen 1972; Pulli
I 986). It is possible that late sowing produces plants that are too young to withstand the
winter stress. In Finnmark county (Alta) sowing in the middle part of August 1965 led
to severe winter injuries caused by M. borealis in 1966 (Fig. 3).
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Fig. 3. Sowing tirnot hy in the middle of August
in Alta in 1%5 led 10 severe winter injuries
caused by Myriosclcrotinia borealis in 1%/i

INFLUENCE OF AUTUMN APPLIED MCPA AND MECOPROP ON THE WINTE
RING OF TIMOTI-IY LEYS IN WESTERN FINNMARK

Experiments with weed control in timothy leys using phenoxycarboxylic acid com
pounds (MCPA and Mecoprop) were carried out in western Finnmark. The sprayings
which were applied in August and September led to severe winter injuries, as a result of
both low-temperature fungi and ice-encasement (Fig. 4).

Fig. 4. The histograms in
dicate the cover of tirnuthy
(%) after the wi n ters
IIJX4/X5 and I985/XI, for the
various t rcat rne n t (Ander
sen 19X9)
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In 1986 similar weed-controlling experiments were carried out in the same region to
ward the end of July, in August and in September. In these cases too the overwintering
capacity was reduced, but less so when the spraying was carried out toward the end of
July (Fig. 5).
% timothy in
the field
70

5

2

0

N c 200 g/daa

2N - 400 g/ daa

Sprayini: times

Figure 5. Effects of different amounts and spray
ing times in 1986 of phenoxycarboxylic acid corn
pounds on the cover of timothy (%) in 1987

31.7. 19.8. 1. 9. 19. 9.

lnvestigations carried out in Canada and the USA showed that small plants of winter
wheat, winter rye and cocksfoot became less frost hardy after the addition of phenoxy
carboxylic acid compounds (Fowler et al 1958; Freyrnan & 1-lamman 1979; Freyman et
al. 1982).

Epidermal tissue of grass species was markedly darnaged by phenoxycarboxylic acid
compounds in investigations carried out by Wortmann ( 1965). It is quite natura I to
compare these results with the anatomical and chemical changing of epidermal tissue
during the hardening of winter rye as described by Griffith & Brown ( 1982), Griffith et
al. (1985) and Huner et al. (1981).

Phenoxycarboxylic acid compounds can to some degree damage the epidermal tissue
of grass leaves, and cause severe winter injury in grasslands when applied in the autumn
in regions with long winters. The changes in the epidermal tissue of the plants caused
by phenoxycarboxylic acid compounds provide a natural point of comparison with the
results presented by Griffith et al. ( 1985). They concluded as follows: The dramatically
thickened cuticle and cell wall of the epidermis and the decreased number of stomata in
cold-grown leaves (Huner et al. 198 I) may prov ide protection against penetration and
deterioration of the leaf by fungal hyphae. In fact, northern varieties of winter cereals
are generally less susceptible to infection by snow moulds than southern varieties
(Jamalainen 1974), perhaps as a result of changes in epidermal structure induced by low
temperatures.
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Differences between varieties in resistance to
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In northern Sweden and especially in the inland areas damage caused by snow mould
fungi on ley plants is relatively common. In 1962-66 a thorough inventory was made of
fungi damage. About 800 trials, with and without quintozene against snow mould fungi,
were carried out. The treatment was applied in the autumn in the establishment year
and the effect was measured in the first cut in the first year ley. On average, the diffe
rence between treated and untreated plots was 15% which gives same idea of the signi
ficance of the damage. From analyses of the botanical composition it was obvious that
red clover was clearly favored by the quintozene treatment (Vestman I 971 ).

varity trials
In the ordinary variety testing, differences can be observed in overwintering capacity
between varieties. Usually varieties from southern Sweden suffer most. There is no
treatment against snow mould fungi in the variety testing and therefore it is hard to
judge to what extent the damage is caused by snow mould fungi. Damage from ice and
water is also very frequent.

Varieties wiih and without quintozene
During the 1970s two experiment series were carried out. Different species and
varieties, treated and untreated against snow mould fungi, werc tesred. One series was
carried out at the experimental stations in the district, and all but one were located in
the coastland areas. The effect of quintozene was poor. Another series was carried out
in the inland areas at the experimental sites Duved, Gunnarn and Pajala. There, the
effect of quintozene was more significant.

Experimcnis at experlmental suuions
A total of 24 experiments were carried out at the stations. Most of them were harvested
over three years and in total there are results from 71 crop years. One-half of each
experiment was treated twice a year with 5 kg quintozone per ha around 1 S September
and 25 October. The treatment was given in the establishment year and in leys 1-11. The
effect was measured by harvest in leys 1-111 (See Table 1 for results).

On average the differences between treatments are small. Varieties from southern
parts of Sweden seem to sustain more damage from snow mould fungi than those from
nothern parts. Thus the timothy variety Vanadis from southern Sweden displays bigger
differences between treated and untreatcd plots than Bottnia li from nothern Sweden.
The tendency is the same for the timothy part of the stand according to the botanical
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Table I. Ory matter
yield and content of Dr:r matter :rield, kgLha Con tent of sown variet:r, %
sown variety at the With Without With Withoutexperimental sta- quintozene quintozene quintozene quintozenctions. First cut, leys (diffcrcnce) (di fferencc)1-111. Average of 71
crop years

Ti mot hy
Bottnia li 4 ()(JO -180 94 -5
Vanadis 4 (130 -250 88 -7
Engrno 5 120 -370 93 -3

Meadow fescuc
Hot tn ia li 3 910 -120 85 +I
Mimer 3 740 -230 81 -5

Cock sfoot
Tammisto 3 570 -140 77 -4
Frode 3 390 -190 (l(J -5

Reed canary i;rass
Commodity 3 870 -60 <,<J -3

Red clover + timothy
Hjursele 5 140 -230 17 -I
lJlva 5 ()<)() -330 12 - I
Disa 5 010 -210 12 - I
1 lermcs 5 020 -3<,0 IO -I

analyses. However, in Engmo from nothern Norway there was a large difference
between the treatments. Engrno is regarded as a very hardy variety bul it is abviously
susceptible to snow mould fungi. It seerns to be hard particularly against ice and water,
however.

Of the meadow fescue varieties, Mimer from southern Sweden sustained more da
magethan the north Swedish variety Bottnia Il. This is also apparent from the botanical
analyses. The cocksfoot variety Frode from southern Sweden was more damaged than
the Finnish variety Tammisto. The difference, however, was rather small. There was
little difference between the treatments for reed canary grass.

The differences between the red clover varieties were small and difficult to judge. In
total yield, red clover + timothy, Bjursele and Disa had the smallest differences
between treated and untreated plots. All had a 1 % lower clover content for untreated
compared with treated plots. Thus, they all seem to be equally susceptible to snow
mould fungi.

On the whole the effect of quintozene was rather small. Since in most experirnents
there seerns to have been very little snow mould fungi, all the trials recorded with snow
rnould fungi were combined. (See Table 2 for the result). In these experiments the
difference between treated and untreated plots was greater. However, the consecutive
order between varieties and species was the same.

Experiments in the in/and areas
At three experimental sites in the inland area 11 experiments totalling 43 crop years
were carried out. The plan was similar to that at the experimental stations but species
and varieties were somewhat altered. Treatment with 10 kg quintozene per ha carried
out in the autumn of the establishment year and in leys 1-111. The experiments were
harvested in leys I-IV. The total yield, first and second cut, is given in Table 3. The
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Dr}'. matter }'.ield, kg.(ha Cuntent of sown variet:r, %
Table 2. Dry mat-
ter yield and con-

With Withuut With Withuut tent of sown var ie-
quintozenc quiruozcne quintozene quintozene ty at the expe-

(diffcrence) (difference) rimental stations.
First cut, leys 1-111.

Timothy Average of 16 crop
Bottnia Il 5 020 -670 96 - I I years with snow
Vanadis 4 550 -INO !JO -20 mould fungi recor-
Engmo 5 250 -I OhO l)t, -8 ded

Meadow fescue
Bottnia li 4 200 -570 85 +2
Mimer 3 920 -670 76 -lh

Cocksfoot
Tammisto 3 800 -h70 80 -10
Frode 3 oio -730 h9 -lh

Reed canary grass
Cornrnodity 3 870 -571) hl -(l

Red clover + timothy
Bjursele 5 290 -MO 15 0
Ulva 4 %0 -401) () -I
Disa 4 1)()1) -1>30 9 -2
Hermes 5 020 -Mil 7 ()

second cut was usually small and sometimes not harvested at all. The yield of pure sown
variety is also shown in the table, i.e. the total yield multiplied by the content of sown
grass and clover varieties according to botanical analyses (Hagsands & Landstrom 1989).

The results are well coordinated with those in the other series, but damage from
snow mould fungi was more frequent and the differences between treated and untreated
plots were bigger.

The timothy variety Vanadis from southern Sweden suffered more damage from
snow mould fungi than Bottnia Il. Engmo had, as in the previous series, a big reduction
in yield on untreated plots, but according to botanical analyses had a relatively high
proportion of the stand also on untreated plots. Svl 0884 from Svaløf , Luleå, thus a
variety from nothern Sweden, seemed to be severely damaged by snow mould fungi.

The meadow fescue variety Boris from nothern Sweden was hardier against snow
mould fungi than the southern varieties Sena and Mimer. The red fescue variety SvL
01815 was very hardy and not damaged at all, white Reptans suffered the same degree
of damage as the meadow fescue varietics.

The differences among the red clower varieties were also small in these experiments,
but the consecutive order was the expected one. Bjursele from nothern Sweden was
hardier than Bjorn, which in turn was hardier than Disa from southern Sweden.

Among species, timothy seems to sustain more damage by snow mould fungi than
meadow fescue and red fescue.

SUMMARY

This paper deals with two series of experiments carried out in nothern Sweden, one at
the experimental stations in the coastland area, and the other at three sites in the inland
area. In the experiments, species and varieties are compared, with and without
treatment against snow mould fungi.
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Table 3. Total dry
matter yield and
yield of sown var ie
ties in the inland
area. First cut +
second cut, leys 1-
IV. Average of 43
crop years

Total yicld, kg/ha
With Without

quin tozenc quintoze ne
(d ifference)

Sown variety_,_lg/_ ha
With Without

quin tozene quintozene
(difference)

Timo1hy
Bot tn ia li
Vanadis
Engmo
Sv L OXX4

Meaclow fescue
Bor is
Sena
Mimer

Red fescue
Sv L OIXIS
Reptans

Red clover + timothy
Bjursele
Bjor n
Disa

Alsike clover + ti motby
Terra

5 X70 -6411
5 400 -MO
5880 -7511
Il 0511 -930

5 310
4 l}l)O
4 940

s ()40
S 040

Il lllO
Il ()4()
6 1110

(l (14()

-230
-420
-3211

-4()
-410

-700
-(1l)t)

-81,()

-/19()

lllO
411)
2711

ISO

- I 420
- I 84()
-I 560
-I 760

-oso
-880
-950

-I 10
-840

+20
-50
-70

()

4 820
3 940
4 910
4 950

4 23()
3 170
3 ()()()

3 49()
3 220

The results indicate that there are differences in hardiness against snow mould fungi
between species and varieties. Varieties from southern Sweden are usually more
damaged than varieties from nothern Sweden. In the inland area timothy sustained
more damage from snow mould fungi than meadow fescue and red fescue.
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Grass variety reaction to selection for resistance
to Typhula ishikariensis
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Jonsson, H.A. & C. Nilsson 191)2. Grass var iety rcaction to selcction fur resis
iance 10 Typhula ishikaricnsis. Norwegian Journal of Agricultural Sciences,
Supplement No 7. 25-3-1. ISSN 0801-5341.

After t h ree to five cycles of selection for resisrance to Typhula ishikariensis
in the main herbage grasses a significant impruvement in laboratory survival
rate has been achievcd. The response to selection is dependent on pluidy and
parcntage of the original population. Tet ruploid populations react more
slowly to selec.tion than d iploids, Populations of southern origin show a
strong improvcmcnt in survival rate. i\ shift in the yield pauern is noted
and a highcr proportion of the total yield is harvesicd in the first cut.
Natura! setccuon and varuniun in seed set has reduced the progress of
similar selcction in material from the northcrn part of the Nordic countries.

Key words: Fcstuca pratcruis, t.olium perenne; Ph/,:u111 prutensc , snow mould.
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Fungal diseases during the winter rest period constitute an important part of the over
wintering complex in the Nordic countries. In perennial grasses these diseases are aften
the most serious threat to a productive stand (Ekstrand 1955; Måkelå 1986; Årsvoll
1973).

In South Scandinavia pink snow mould (Fusarium nivalei is the most common fun-
gus and may appear also when there is no snow cover. Grey snow mould (Typhula
incarnaia) requires a shorter duration of snow (2-4 months) and is found on perennial
grasses in the inner parts of South and Middle Sweden. In the northern part of the Nor
die countries speckled snow mould (Typhula ishikariensisi and snow scald (Sclerotinia
borealis) are the most important grass diseases. They require a snow cover during 4-6
mon ths. (Tronsmo 1986.)

In order to resist attacks of these diseases the grass plant has to be well hardened.
During the hardening process the carbohydrate content is built up and forms the
reservoir to be utilized in the plant respiration during the winter period and at the start
of growth in spring. But there are also inherent differences in carbohydrate content, in
winter hardiness and in disease resistance (Jamalainen 1974).

A winter hardy plant aften ceases growth early in autumn and generally has a larger
part of its production in spring and early summer, bul less in the autumn regrowth.

Attacks of snow mould can diminish the green matter production quite substan
tially, especially at the early growth in spring. Ryegrass is the most susceptible herbage
grass and may be quite damaged after a winter that is favourable for the snow moulds.
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In Table I the situation during part of the I980's is listed and the coefficient of correla
tion shows thai the first cut yield is highly correlatcd with the degree of snow mould
attack as assessed. The winters preceding these harvest years were the coldest during the
last decade and there was a permanent snow cover for one or several months also in
South Sweden during these winters.

Table I. Cor re lat ion het wccu
assessrnent or snow rnou Id al- Year Nu. of Cueff. ur Equatiun of
tac k 111 tile spring (0-10, 0 = pluts corrclarion regrcssion
healthy, 10 = dead plan is) and
green matter yields in the first

l<JX2 24 -O.ll22** y = 23.5 - 2.llJxcut. Diploid pcrcnnial rycgrass
1984 20 -IJ.54h* y = 24./J - 2. llJxin the sccond harvest year at ll/85 72 -0. IO(J y = 23.<J - 0.32xWeibullsholm
Il/XI, 44 -0.83(,*** y = -H.') - 3.83x
l1JX7 72 -0.5311*** y = 20.X - 1.2<Jx

For several years now we have made selcctions for resistance to snow mould in the
major herbage species (Jonsson & Nilsson 1986), and the aim of this paper is to demon
strate the differential reaction to selection dcpending on origin and ploidy of the star
ting populations.

MATERIAL AND METIIODS

The focus of our work was initially on Fusarium nivale, but after sorne years we chan
ged to Typhula ishikariensis as this fungus is in many ways easier to handle. There
seems to be a good correlation in resistancc to these two fungi.

Typhula ishikariensis is isolated from sclcrotia collected in nature. The sclerotia are
surface sterilized, grown on a malt-yeast-glucose agar and multiplied on autoclaved
wheat/oat (50:50) kernels in glass flasks.

The plants to be inoculatcd are raised in the grcenhouse up to 12-16 wecks of age;
then they are transterrcd toa controlled environment chamber and hardened in a tem
perature down to + 2"C for 3-6 weeks. They are supplied with fluorescent light (6
h/day) during the hardening period.

The plants are inoculated by sprcacling them with the wheat/oat kernels. An aggres
sive single isolate is used. After inoculation the plants are covered with moist paper and
a plastic sheet.

The incubation period varies from 12 to 20 weeks depending on the state of har
dening and the susceptibility of the material. The aim is to attain a maximum of 25%
and preferably 5- 10% surviving plants.

After the incubation period, the plants are lcft to recover under light and a gradual
ly increasing temperature. Surviving plants are counted and transplanted to the field for
seed production. The relative survival r.-ite (RSR) is calculated as the percentage survi
ving plants in relation to the percentage survival in a standard variety.

This procedure is repeated for up to five cycles. Usually we have a strict pedigree,
with the progeny from surviving plants being directly entered in a new cycle of selection
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(Fig. I gives an exarnple), bul sometimes different progenies or material from different
selections are mixed in a new cycle of selection. In this way the material is integrated in
the conventional breeding material.

RT = resistance test (running No.)

RSR = relative survival rate {Kampe II = 100) Original population

Figure I. Sclection sehe
me in timothy Karnpe li

I Typhula ishikariensis I~

IT. ishikariensis 1~

\T. ishikariensis 1~

RT 992

RSR 100 %

i
Coeff. of sel. 13 % j

J
----

RT 1249
RSR 122 %

lcoeff. of sel. 13 % I

RT 1429
RSR 116 %

Generation T1

Generation T2

IT. ishikar iensis 1~
RT 1510
RSR 297 %

Coeff. of sel. 21 %

Coeff. of sel. 7 % I
t Generation T3

Generation T4

RESULTS AND DISCUSSION

Timothy (Phleum pratensei
Timothy is considered to be a healthy species with no serious disease problems. In spite
of this, we started a selection programme in varieties of both southern and northern



28 Grass variety reaction

orrgm. The selection in the southern varieues aimed at an increase in the wintering
ability in this material for a utilization further to the north. A still belter winter survival
in the northern varieties was the primary objective of the selection in that material.

Figure 2 shows the initial negative response to our selection in varieties of both
southern and northern origin. Each point is the average of several selections, thus giving
a better reliability to the values. Although the result is negative during the first two
cycles of selection, the third generation in the southern material shows a fair irnpro
vement in survival, and it is expected that the future selections will work in the same
direction.

Rel. survival rate

Figure 2. Selection pm
gress in timothy
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The northern material starts from a satisfactory posiuon and the decrease in survival
rate after one selection is very drastic. Although there has been a steady increase during
the next two generations, the leve! of the unselected material has not yet been reached.

The initial negative response in the southern material is probably due to random
effects, but the much stronger negative reaction in the northern material must have
another explanation. The selected plants are grown from seed under South Scandinavian
conditions (Weibullsholm, 56°N) in spaced plantings. In this way the variation in seed
yielding ability can be fully expressed. Plants adapted to more southern conditions and
with a higher seed yield will be dominant in the progeny and such plants will not neces
sarily be the best in snow mould resistance. Thus the seed propagation at Weibullsholm
might counteract the selection for snow rnould resistance.

Figure 3 presents the more specific picture of how two single varieties have perfor
med during 3-4 cycles of selection. Although the response in the North-Scandinavian
Engmo is somewhat variable, the latest selection shows a 30% improvement in survival
rate.

The South-Scandinavian Kårnpe li demonstrates an excellent rate of improvement
after three generations of selection. The slow start of selection effect can be considered
typical of a species with high ploidy like the hexaploid timothy.
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Rel. survival rate Figure 3. Selection
progress in timothy

400

300
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• (unselected Kampe II = 100)

200

100

Engmo
(unselected Engmo 100)

0 4 generations of selection

The yield figures in Table 2 have been collected in Ojebyn in North Sweden (65°N).
One generation of selection for resistance to Typhula in the variety Kårnpe Il has de
creased the total yield to some extent, but the change in yield distribution is more signi
ficant. The selection has a larger first cut yield and a lower regrowth yield. Weibulls
holm Plant Breeding Institute in Landskrona (56°N) is the breeder of Kårnpe 11, and the
change in yield distribution is typical for selections in southern material. Such a change
has also been demonstrated by Vestman (1986) in North Swedish timothy.

Total dry matter yield
Ojebyn First Second Thircl harvest year

Sown 1987
Karnpe li, k g/ha 8080 (10(10 5540
Karnpe li, rel. 100 100 100
Karnpe li T1, rel. 97 98 89

Sown 1988-89
Alma, kg/ha 9380 '1340
Alma, rel. 100 l()O

Alma T1, rel. 104 108
Alma Ti, rel. ()9 1()2

Table 2. Replicated
yielcl trials in timothy

Percentage distribution of dry matter yiclcl in flrst/sccond cut
Sown 1987

Karnpe 11
Karnpe li T1

Sown 1988-89

47/53
49/51

h2/38
t,4/36

55/45
(10/40

Alma
Alma T1
Alma Tl

55/45
53/47
54/4(1

h5/35
b5/35
(J(l/34
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One and two generations of selection in the Finnish variety Alma have led to a slight
yield increase, but the yield distribution is practically unchanged. Alma was bred at the
Agricultural Research Institute, Jokioinen, at 61°N.

Selections performed up to the third generation in the variety Engmo (from North
Norway, lat. 70°N) have been tested in yield trials in North Sweden (Table 3). The
different generations of selection have not heen tested in the same trials but are all
compared with the control variety Botmin Il. The generations T1 and T2 have at least
kept the same yield level as the original variety and are also practically unchanged in
yield distribution over the growing season.

Table 3. Replicated
yield trials in timo- Total dry matter yield
thy North Sweden First Second 'I'h i rd harvest year

Sown i<n()-8/>
Hnt t n ia li, kg/ha Xl'lll 7740 llOOO
Bou nia Il, rel. 1110 .!!l!.! .!!l!.!Engrno, rel. X!J 96 102

Suwn i'IXJ-iM
IJ011 n ia 11, kg/ha 72'111 1>170 5330
Bottnia li, rel. .!!l!.! .!!l!.! .!!l!.!Engrno T1, rel. '17 99 123

Suwn IIJX/l
Buttnia li, kg/ha 77()0 5840 7080
l::luunia li, rel. .!!l!.! 100 !!!<.!Engmo T2, rel. )()() 108 103

Suwn 1')88-89
l:!uttnia li, kg/ha 9-150 M80
Bottnia li, rel. )(1(1 !!!<.!
Engmo T1, rel. XI 85

l'ercentage distribution of dry matter yield in Ii rst/second cut
Suwn IIJ79-86

Bounia li 641:1(1 75/26 76/24
Engmo llX/32 78/22 81/19

Sown 1983-84
1:!uttnia Il 54/411 70/30 79/21
Engmu T1 511/44 75/25 81/19

Sown Il/X(>
Bounia li llll/34 82/18 71/21)
Engrno T2 71/21) 88/12 711/24

Sown 1'188-89
Buttnia li 58/42 70/30
Engrno T:1 65/35 (17/33

The third generation (T3) seerns to diverge from this by becoming a more southern type
with increased regrowth but a lower first cut yield. lts total yield is also lower than that
of the preceding generations.

Meadow fescue tFestuca pratenslsi
Meadow fescue shows a similar picture as timothy (Fig. 4). The southern vanerles start
at a lower leve! but respond much better to selection than do the northern varieties. In
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the northern varieties there is also a small negative effect of the first selection in this
species.

Rel. survival rate

(Mimer= 100)

400

300

200

Northern pop:s

Southern pop:s

Figure 4. Selcction
progress in rneadow
fcscue

100

Tetraploid variety

4 generations of selection

These meadow fescucs are all diploids, which is the normal ploidy levet. Selection has,
however, also been carried out in a teuaploid variety (Fig. 4). This is a southern type
and starts at a sirnilar levcl as the diploids. As expected the improvement is slower than
in the diploids.

When examining in more detail the selections from the two varieties Mimer
(southern type) and Salten (northern type) in comparison with thcir origins (Fig. 5), it
is founcl that the southern variety, like timothy, responds more strongly than the
northern variety. The explanation is probably the same.

Rel. survival rate

400

Figure 5. Selectiou
progress in meadow
fescue

300

200

100

Mimer (unselected Mimer= 100)

Salten (unselected Salten 100)

4 generations of selection
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Two Norwegian varieties of meadow fescue, Løken from Løken Agricultural Research
Station lat. 61°N and Salten from Vågenes Agricultural Research Station, lat. 67°N,
were examined in more detail (Table 4). In Løken two cycles of selection were per
formed with Fusarium nivale as test fungus, whereas in Salten one selection was carried
out with Fusarium and a second with Typhula, The yield was unchanged or affected
only slightly in a negative direction, and the yield distribution was also practically
unaffected.

Table 4. Replicated yield
trials in meadow fescue Total dry matter yield

North Sweden
year

First Second Th i rd harvest

---- 82')()
l<HI
9n

7570
ll!i)
100

I .oken f'us2 IJ0/40 (>1,/J4
Sown l'l87-8H

Salten (15/35 (12/38
Salten Fus1T1 1!5/35 6)/37

Sown 1985-88
Lokcn, kg/ha Il/JO
Liiken, rel. .!!!!._I
Luken Fus2, rel. <J-1

Sown 1987-81-1
Sal ten, kg/ha X I :,o
Salten, rel. .!!!!._I _ .....
Salten Fus1T1, rel. <J<J

I'ercentage drst r ibu t ion of dry malter yield in first/second cut
Sown l<JH5-H8

1.iiken /J0/40 h5/J5 64/311
1>3/37

58/42
58/42

Perennial ryegrass (Lolium perenne)
Work on perennial ryegrass initially produced a very good response to the selections, as
was previously reported (Jonsson & Nilsson 1986). However, when the results of the
selections are now surnmarized, the average response curves (Fig. 6) do not seem so
convincing. The irnprovement is certainly there, both on the diploid and on the terra
ploid level, but after the second cycle of selection no further increase in survival rate
has occurred. We think this lack of continued increase in survival rate is due to the fact
that new, unselected material is introduced not only as new starting populations but also
into populations which have already undergone one or several generations of selection.
The general performance of the populations is certainly improved hy this addition, but
the addition also slows down the further increase in survival rate after snow rnould
inoculation. Another possible explanation is that we have, in the first two selection
cycles, exhausted all available genetic variation for the character. This is, however, not
very likely when considering the shape of the selection curves in timothy and meadow
fescue. In those species the best effect has occurred first in the second or third gene
ration of selection.

The ploidy level influences the selection effect as was shown in meadow fescue. In
approximate figures the selections have changed the relative survival rate in the diploids
from 100 Lo 300 but in the tetraploicls from only 150 to 200 (Fig. 6).
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Rel. survival rate
(Viris = 100)

400

Figure o. Selection pro
gress in perennial rye
grass

300

200
I

I
I_.,

--x----x Tetraploid pop:s

100

4 generations of selection

The selection has generally improved the performance during the second harvest year.
In Table 5, yield figures are given for two generations of selection (test fungus:Fusarium
nivale) in three varieties. We had no unselected material of E39 and E40, and Viris is
used as standard in this case. The yield distribution has, especially in the second harvest
year, shifted to a larger proportion of the total yield being harvested in the first cut.
These varieties were developed at Weibullsholm, and the test station Bjertorp, situated
in West Sweden at 58°N.

Total dry matter yield

Weibullsholm, sown l!J85
Viris, kg/ha
Viris, rel.
E 39 Fus1, rel.
E 39 Fusz, rel.
E 40 Fus.. rel.
E 40 Fusi, rel.

Bjertorp, sown 1985
E 23, kg/ha
E 23, rel.
E 23 Fus,, rel.
E 23 Fus2, rel.

Percentage distribution of dry matter yield in first cut/regrowth cut
Weibullsholm

First Sccond harvest year

l/2(>0 6760
.!.!.!!l .!.!.!!l
% 105
!J8 103
108 111
110 112

7630 10510
llX) 100
!)<) 100
95 107

Table 5. Replicated yield
trials in diploid perennial
ryegrass

Vi ris 56/44 40/h0
E 39 Fus, 59/41 47/53
E 39 Fus2 58/42 52/48
E 40 Fus, 55/45 41/5!)
E 40 Fusi 52/48 41/51)

Bjertorp
E 23 34/66 38/62
E 23 Fus, 37/63 43/57
E 23 Fusz 35/65 42/58
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CONCLUSION

This work has shown that the survival rate after a snow mould attack may be improved
to a great extent by selection in timothy, meadow fescue and perennial ryegrass of
South Scandinavian origin. After one or several cycles of selection a larger part of the
total yield is harvested in the first cut, i.e. a shift towards a more northern type occurs.
Natural selection and variation in seed sel have reduced the progress of similar selection
in material from the northern part of the Nordic countries. A balance is attained in
which the selection for snow mould resistance acts towards a more northern type
whereas adaptation to the South Swedish environment and higher seed set of southern
material selects towards a more southern type.
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Resistance to snow mould fungi in breeding
material of grasses

ANNE MARTE TRONSMO
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Tronsmo, A.M. 1992. Resisiance to snow muuld fungi in breeding material
uf grasses. Norwegian Journal of Agricultural Sciences, Supplement Nu. 7.
35-38. ISSN 0801-53H

Breed ing materials of timothy and cocksfoot have shown wide variai ion in
resisiance to snow mould fungi. Therc is a significant positive correlarion
between resistance to Microdochium nivulc and Typhula ishikariensis. The
heritability of the traits indicates that improvemcnt by selection is auain
able.

Key words: Cocksfoot, Microdochium nivalc, t i mothy, Typhula ishikaricnsis.

A1111e Marte Tronsmo , Norwegian P/a111 Protcction lm1i1111c, l'.O. Box 70, N-
1432 Ås, Norway

Since 1983 all the breeding material of grasses in the officia! Norwegian Grass Breeding
Programme have been tested for resistance to the two snow mould fungi Microdochium
nivale (syn. Fusarium nivale) and Typhula ishikariensis. The breeding materials have
been evaluated for agronomic characters in field trials for three successive years. During
the same period, the resistance to snow mould fungi has been artificially tested.

METHOD

The method used for detection of resistance has heen inocularion of greenhouse-grown,
cold-hardened plants with a mycelial suspension of the fungus, followed by incubation
under artificial snow cover for 6-10 weeks befare recovery and assessment of resistance.
The resistance has been assessed according toa scale from O to 9 (Tronsmo 1984).

The aim of the procedure is to minimize the random variation by controlling the
environmental conditions. Since our facilities only allow a semicontrolled environment,
all genotypes have been tested in four replicates or more, with the replicates separated
in time throughout the year.

RESULTS AND DISCLJSSION

In both timothy and cocksfoot the collected germ-plasm, which is the starting material
for the breeding programme, shows a great variation in resistance (Figs. I and 2). There
are same genotypes with very low snow mould resistance, and others with very high
resistance, much higher than that found in any Norwegian cultivar. The Norwegian
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cultivars of cocksfoot all have a moderate snow mould resistance, none are very sus
ceptible, or very resistant. In timothy, however, we have cultivars with high snow mould
resistance.

Resistance to snow mould fungi in timothy.

Fig. I. Frequency distribu
tions for resistnnce to snow
mould fungi in timothy
populations (N= 121)
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tions for resistance to snow
mould fungi in cocksfoot
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Resistance to snow mould fungi in cocksfoot.
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One of the aims of our project is to simplify the procedure for selecting disease resis
tant cultivars. One of the questions usually asked is: Is there any connection between
the resistance to T. ishikariensis and resistance to M. nivale'l

The calculation of the phenotypic correlations for the traits in three different bree
ding materials (cocksfoot and timothy) revealed a positive, significant correlation (be
tween 0.4 and 0.5) between resistance to T. ishlkariensis and resistance to M. nivale
(Tab le I).

A selected material, consisting of half sib families from polycrosses of cocksfoot has
been further analysed to obtain an estimate of the genetic variation. Anaysis of variance
revealed a significant difference between populations, and the components of variation
could be used to estimate the broad sense heritability (Falconer 1960).
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Plant material

Ti mut hy
Cocksfoot
Cocksfoot, half sib families

N

121
133
304

K (curr)

0.42
0.51
0.43

Table I. Phenotypic correlations (R)
between resistance to Typhula ishika
riensis and Microdochium nivale in
grasses

The broad sense heritability is an expression for the proportions between the genotypic
and the phenotypic variance, and will give us an indication of any possible improvement
by selection.

For resistance to the two snow mould fungi, T. ishikariensis and M. nivale, the
heritability was found to be 0.42 and 0.49 (Table 2). These results indicate good possi
bilities for progress by selection for snow mould resistance.

Character,
Resistance to:

Tiishikariensis
M.nivale

Heritability
h

0.42
0.49

Table 2. Heritability (h) for resistance to snow mould
fungi
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Half sib families from four polycrosses of cocksfoot could be further analysed. The
genotypic correlation between the traits «Resistance to T. ishikariensis» and «Resistance
to M. nivale» was calculated from the analysis of covariance of this material. The geno
typic correlation was found to be close to I. The interpretation of this is that resistance
to the two snow mould species depends on the same trait. Jf this is the case in other
germ-plasm collections and other species as well, the consequence for the breeding
programme should be that selection for resistance to one snow mould fungus should
give resistance to both fungi.

This finding also implies that it can be worthwhile lo investigate further what
mechanisms the resistance is based on. Jf we are dealing with one trait, not two, a fur
ther simplification or improvement of the procedurc for testing snow mould resistance
could be achived by minimizing the environmental variation by growing, inoculating
and incubating the plants in vitra. An approach reported by Dr. Huang McBeath, at
this seminar, could then be easily applied for screening hrceding material.
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Hardening ability of some winter wheat, winter
rye and winter barley varieties

Use of conductivity method in evaluating the hardening ability
of overwintering crop species

HOMMO, LEENA MAARIT
Agricultural Research Cerure, Institute of Plant Breeding, Jokioinen, Finland

I lnm rno, 1 .. M. l'l'l2. 1 lardcning ability of surne wintcr whcat, wintcr rye and
wirncr barley varietics. Usc of conductivity met hod in cvaluating the har
dcning ability uf uverwintering nop specics. Norwegian Journal of Agri
cultural Sciences, Supplement Nu. 7 . .l'l-50. ISSN 08111-5341.

A study of the har<lening ahility of 12 wi n te r whcat, 8 wintcr rye and 5 win
ter barlcy var ieties was carricd out using the electric conductivity method.
Leaf samples werc collccte<l from the field trial during the hardening period
and after frost trcatmcnt the cond uct ivity of an effusate was determined.
The amounts of calcium and potassium ions in the leachaie were also derer
mined. The injury i ndcx and indexes for calcium and potassiurn were cal
culated. During the hardcning period thcre was a d ist inct decrease in the
conductivity values indicaring the increase in the level of hardening. The
same decrease was also found in the amounts of bot h calcium and potassiurn
ions in t he effusaie. In most cases a clear negative correlation was found
berween the index valnes and overwirue ring capacity of varicties. The results
of this study indicate that the conduc1ivity method can be used in estima
ting the lcvel of wintcr haruiness of winter wheat, winter rye and winter
barlcy varicties.

Key words: (\ilt.I hardincss, conduc1ivi1y, frost tolerance, ion leakage, rye,
winter barley, winter wheat.

l.ee11a Maarit l/6111111ii, Agrirn/111rul Ncicarch Centre, lnslilUle of l'lanl
breedi11g, SF-J/61)() JuAioi"':11, Fi11/u11d.

Since both winter whcat and winter rye reach their northernmost growth limit in
Finland, winter barley in Sweden, one of the most important tasks in the breeding work
of these species is to enhance their winter hardiness. This, however, isa rather complex
undertaking because of the many different kinds of stresses and changes in weather
conditions during the winter period. Con~eque11tly, there is a great need for laboratory
testing methods that enable the breeder to ohtain sufficicntly reliable estimates on the
winter hardiness of varietics ;ind breeder lines of overwintering crops. Laboratory me
thods ;ire of p;irticular v;ilue in the screening of early generations of these crops. To be
of any use to practical hreeders, these methods should be repeatable, simple, rapid and
cheap. To help this situation an internorclic project was initiated in 1989 with the aim of
developing reliablc laborntory testing methods for winter hardiness breecling.
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Winter hardiness of an overwintering crop variety depends on its ability to harden
during the autumn pcriod. The hardening process in itself includes a very cornplicated
series of plant reactions to changes in the environment (decreasing ternperature,
shortening of photoperiod) by altering its metaboly on a cellular level. Jf the plant is
unable to make these changes, or if they are delayed, the first frosts in winter will lead
to cell damage.

The use of the electric conductivity rnethod, or ion leakage method as it is also
called, is based on the idea that during frost treatment the cell membranes are damaged
to some degree and this leads to an efflux of ions through the cell membrane to the
effusate. The basic assumption is that the greater the damage to the tissue the more ions
that are leaked out.

The electric conductivity method was introduced into frost hardiness research by
Dexter et al. (1930, 1932), and it has been quite extensively used by many researchers
ever since. Flint et al. (1967) studied the frost resistance of ornamental shrubs,
strawberry crowns and the roots of apple trees. They also determined different kinds of
injury indexes to obtain betler evaluations of the amount of cell injury. According to
Wilner ( 1960) the ion leakage method is a very reliable means of determining "both
relative and absolute ratings of hardiness of apple trees as well as a means of studying
the effect of certain seasonal changes on their (plant) winter survival", Aronsson &
Eliasson (1970) found good correlation between frost hardiness of hardy Scots pine
tissues and cell injury estimations obtained by conductivity measurements. The seasonal
changes in hardening and dehardening of the mountain plant Diapensia lapponica were
studied with the aid of the conductivity rnethod by Junnila ( I 985). Sukurnaran &
Weiser (1972) were able to differcntiate Solanum spccies representing a wide range of
frost tolerance by using conducti- vity rneasurements.

Frost hardiness of overwintering cereals has been studied by electric conductivity
measurements by e.g. Chen et al. (1983) and Uemura & Yoshida (1984). They found
that this methocl gave rcliable estimations of the amounts of damaged or dead cells after
frost treatment. Palta et al. ( I977a, I977b) used onion bulb cells in their studies, and
they cliscovered that not only dead, but also reversibly or irreversibly damaged cells, are
responsible for the efflux of ions to the effusate.

In this study the state and progress of harclening in ficld conditions in the autumn
time were studied in 12 winter wheat, 8 winter rye and 5 winter barley varieties by the
conductivity method. The amount of calcium and potassium ions in the effusate was
also deterrnined. On the basis of these measurements injury indexes were calculated and
the correlations between the inclex values and overwintering capacity were studied.

MATERIALS AND METI IODS

The field trial from which the leaf samples for conductivity measurernents were
collected was sown in Jokioinen (60°49'N, 23°29'E) on 27 August 1990. The trial
comprised 24 winter wheat, 13 winter rye, 5 winter triticale and 12 winter barley
varieties. In these conductivity measurements 12 wi nter wheat varieties (Linna, Aura,
Vakka, Albidom 12, Kharkov, Norstar, Mironowskaja 808, Frederick, Goertzen 5559,
Rida, Longbow and Vitus), 8 winter rye varieties (Musketeer, Anna, Voima, Talovskaja
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12, Vågonås hostråg, Jussi, Petk us li and Danka) and 5 winter barley varieties (Borwina,
Frost, Lady, lgri and Maris Otter) were included.

The trial entries were sown in one-metre-long rows, and the trial was completely
randomized with four replicates.

The leaf samples were collected from the field trial once a week, beginning on 9
October. The last samples were collected on 20 November just befare the permanent
snow cover.

The first leaves of the plants were cut in the field and put into the plastic bags. The
leaves were rinsed quickly with cold tap water, and control samples (10 leaves per
variety) were put on ice to keep them cool while being prepared for the conductivity
rneasurements.

The rest of the samples (about 20 leaves per variety) were transferred in the plastic
bags into the freezing chamber and the freezing programme was starled immediately. At
the beginning of the programme the temperature was at about 0°C. The whole pro
gramme took 24 hours. During the first eight hours the temperature dropped to - I 2°C
in 1.5°/hour. The temperature was maintained at -l2°C and then reset to 0°C after
eight hours.

After frost treatment, while preparing the samples for conductivity rneasurernents,
the plastic bags with the leaves were covered with ice in a styrox box to minimize any
cell injury that might be caused by the rapid changes in temperature.

The samples in all the conductivity measurements comprised five leaf pieces
originating from five different plants. The leaf pieces were weighed together to provide
a sample of about 100 mg. After this the samples were shaken for about 5 h at room
temperature in test tubes containing 20 ml of deionized water. Befare immersion in
water the five leaf pieces were pul in a single-use needle (Terumo nr. 14) to ensure that
all the pieces were totally under water.

The shaking period was followed by determination of the conductivity of the
effusate. These measurements were carried out using the Radiometer Copenhagen CDM
83 conductivity meter. After the first measurements were taken half of the frost
damaged samples were totally killed by submcrging thern for five minutes in liquid
nitrogen. All samples were shaken in the effusate for one more hour and the final
conductivity measurements were carried out.

Finally, all the effusates were frozen in single-use plastic test tubes for later
determination of calcium and potassium content.

The effusate was analysed for calcium and potassium content by atomic absorption
spectrophotometer (Ca2+ by Perkin-Elmer 4000 and K' by Varian techtron 1200).

Based on the obtained conductivity va lues and values for leaked Ca2 + and K + ions,
the index of injury and indexes for calcium and potassium were calculated according to
the formulae:
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INDEX OF INJURY

(B - A) x 100
(C - A)

where A = conductivity of effusate of unfrozen sample
B = conductivity of effusate of frost-injured sample
C = conductivity of effusate of frost-injured and then liquid-nitrogen-killed

sample

INDEX OF CALCIUM AND POTASSIUM CONTENT IN EFFUSATE

(Ca2+B - Ca2+A) x 100
Ca2+C - Ca2+ A

(K+B - K+A) x 100
K+C-K+A

where calcium and potassium content in effusate of unfrozen
sample

Ca2+ B, K + B = calcium and potassium content in effusate of frost-injured
sample

Ca2 + C, K + C = calcium and potassium con tent in effusate of frost-injured
and then liquid-nitrogen-killed sample

Ca2+A, K+A

The overwintering capacity values of varrettes used in correlation analyses were based
on the means of winter survival percentages of varieties in field trials sown in 17 siles
throughout the Nordic countries. These field trials are a part of an internordic win
terhardiness project initiated by lnternordic Plant Breeding (SNP) in 1989. The trials
were sown in autumn 1989 according to the plan described above.

Pearson's correlation analysis (SAS Institute Inc. 1985) was used in studying the
relations between overwintering capacity of varieties and various indexes

RESULTS

During the hardening period (9 October-15 November 1990) the state and progress of
hardening of winter wheat, winter rye and winter barley varieties were studied using the
electric conductivity method. In all species the conductivity of an effusate decreased
during the hardening period (Table I). In winter wheat the values were low at the
beginning of the period so the change was not so clear-cut, but in winter rye and in
winter barley a very pronounced decrease in ion leakage was observed.

The average winter survival percentages of varieties in winter 1989-90 were calcu
lated by Hjortsholm ( 1991) on the basis of results from field trials of the Internordic
Plant Breeding project (Table 2). These survival percentages were used in this study as
overwintering capacity values of varieties.
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Table I. The conductivities of effusates in which frost injured Icaf samples of winter wheat, winter rye
and winter barley have been soaked. Samples were collected from field trials during the hardening
period in 1990. The conductivity values are µSlem

Winter wheat:
Linna
Aura
Yak ka
Albidom 12
Kharkov
Norstar
Mironowskaja 808
Frederick
Goertzen 5559
Rida
Longbow
Virus
Winter rye:
Musketeer
Anna
Yoima
Talovskaja 12
Vågonas htistråg
Jussi
Petk us li
Danko
Winter barley:
Borwina
Frost
Lady
Igri
Maris Otter

9-17

13.0
13.0
9.3

10.3
7.2
o.6

30.0
17.5
11.7
ie.n
51.0

,n
40.5
42.0
31J.6
32.-t
39.5
71J.2
h3.IJ

Xo.O
115.6
97.6
Xl.4
,n.3

October
22-25

8.6
8.4
8.1
6.3

11.4
6.7
9.4
l0.5
7.1

14.3
13.5

19.1
14.1
IIJ.3
6.5

10.4
12.4
24.8
35.4

78.1
71.3
74.0
58.9
76.7

21J. IO- I.11

12.5
10.2
12.3
9.3
9.4
8.8
9.7

16.3
7.1

26.2
14.1

12.7
I I. I
IJ.1
9.1

10.1
18.1
28.5
I 1.5

37.4
68.5
72.5
72.9
81.6

5-8

7.5
12.1
17.6
11.7
12.4
6.5
9.8
9.3
11.2
18.1
35.9
90.9

4.8
5.3
6.5
h.l
7.5
9.0
5.6

10.5

30.1
14.3
47.8
22.3
1 I.I

November
12- 15

13.2
l()_l

10.0
9.8

10.6
8.7
9.1

12.8
9.2
l(l.J
14.5
33.7

6.0
7.o
7.5
5.6
5.9
6.5
7.3
h.4

25.4
21.3
21.9
31.2
18.9

19-20

6.6
7.7
5.8
6.7
6.8
5.9
5.7
5.5
8.2
4.7
5.7
8.7

Table 2. Winter survival perceruages or winter wheat, winter rye and wintcr barley var ieties. Values are
based on results from fietd trials in all the Nordre counu ies. The mean values are calculated by
Hjortsholm (1991)

Survival Survival Survival
Winter wheat % Wi nter rye % Winter barley %

Linna 86.3 Anna 83.5 Borwina 52.0
Aura 82.1 Vuima 80.0 Frost 38.8
Vakka 81.2 Ta lovskaja 79.9 Lady 31.7
Albidom 12 78.9 Vågonas 79.0 lgri 28.3
Norstar 75.8 hostrog Maris Otter 13.7
Frederick 72.5 Jussi 77.9
Goertzen 5559 67.4 l'etkus Il 69.4
Rida 67.J Danko 67.3
Longbow 46.4
Yitus 2.3
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When studying the correlations between overwintering capacity and index of injury of
varieties, a definite negative correlation was found in most cases. There was even
statistical significance in some results, although the number of varieties studied was
quite low (Table 3).

Table 3. Correlations be
tween overwintcring capaci
ty of varieties and index of
injury. lndex values are cal
culated on the basis of con
ductivity values of the effu
sates in which leaf samples
have been soaked

INDEX I
(9-17.IO)
INDEX 2
(22-25. IO)
INDEX 3
(29.10-1.11)
INDEX 4
(S-8.11)
INDEX S
( 12-15.11)

OVERWINTERING
Winter wheat Winter rye Winter barley

-0.86•• N = 10 -ll.7o• N =7 -0.70 N =S

-ll.32 -0.88 •• -ll.37

ll.23 -0.49 -0.76

-ll.96 ••• -o.oo -0.12

-ll.77 •• 0.47 -0.60

At the beginning of the hardening period the amounts of leaked calcium and potassium
ions in the effusate varied in winter wheat between 0.00-0.88 mg/I and 1.13-14.91 mg/I
for calcium and potassium respectively. The same values were 0.10-3.70 mg/I (calcium)
and 3.37-18.96 mg/I (potassium) for winter rye and 1.45-3.65 mg/I (calcium) and 23.1-
27. 7 mg/I (potassium) for winter barley.

At the end of the test period the values for winter wheat were 0.15-0.81 mg/I (cal
cium) and 1.32-2.34 mg/I (potassium), for winter rye 0.08-0.38 mg/I (calcium) and 0.63-
1.24 mg/I (potassium) and for winter barley 0.64-2.78 mg/I (calcium) and 1.63-7.05 mg/I
(potassium).

The amounts of calcium and potassium ions in the effusate decreased very markedly
during the hardening period in winter rye and winter barley varieties. In most winter
wheat varieties the amounts of both ions in the effusate were already low when the
measurements were first carried out and consequently no clear-cut changes were
observed (Figs. 1-6).

In all species there was a distinctly negative correlation between the overwintering
capacity of varieties and calcium and potassium indexes (Tables 4, 5, and 6). The
correlation between the potassium index and overwintering capacity in particular was
usually very clear.

DISCUSSION

The ability of plants to react to the lowering of the temperature and shortening of the
photoperiod by changing their cell metaboly is the prerequisite to good winter har
diness. In particular changes in chemical properties of cell membranes during accli
mation are supposed to be of great importance (Kasamo 1988; Palla 1977a, b; Palla &
Li 1982; Steponkus 1984; Uemura & Steponkus 1989; Uemura & Yoshida 1984). It is
generally agreed that the plasma membrane is the primary sile of freezing injury, but
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Fig. I. The changes in the calcium index values
of winter wheat varieties during the hardening
period in autumn 1990

Fig. 3. The changes in the calcium index values
of winter rye varieties during the hardening pe
riod in autumn 1990
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Fig. 5. The changes in the calcium index values
of wintcr barley varieties during the hardening
period in autumn 1990
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Fig. 2. The changcs in the potassiurn index
values of wintcr wheat varieties during the
hardening periud in autumn 1990
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Fig. 4. The changes in the potassiurn index
values of wintcr rye varicties during the har
dening period in autumn l<J<Xl
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Fig. h. The changcs in the potassium index
values of wiruer barley varieties during the
hardcning period in autumn 1990
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Table 4. Correlation berween over
wintering capacity of winter wheat
varieties and their state of harde
ning determined by CaH- and K+
conterus in the effusate

Table 5. Correlation between over
wintering capacity of winter rye
varieties and their state of harde
ning determined by CaH - and K • -
con tent in the effusate

Date of collecting
samples from ticld

111.10.90

30. I0.90

6.11 .1)0

Date of collecting
samples from field

eau
K+
Cal,
K+
Cal+
K+

Correlation coefticients
Ovcrwintcring

-0.80** N=9
-0.87** N=9
(Ull N=9
0.16 N=9
-0.97*** N=9
-0.95*** N=9

Correlation coefticients
Overwi nteri ng

17.10.90

1.11.90

8.11.1)0

Ca- •·
K•
Cal•
K+
Cal•
K+

-0.54
-0.82*
(l.23
0.12
-().()1
-0.62

N=7
N=7
N=7
N=7
N=7
N=7

Table 6. Correlation betwccn
overwintering capacity of winter
barley varicties and t hei r state of
hardening determine<l by CaH -
and K + -con tent in the effusate

Date of collccting
samples from field

10.10.90

30.111.90

h.11.1/0

CaH
K+
Cal+
K+
Cal+
K+

Correlation coefticients
Overwintering

-0.31 N=5
-0.77 N=5
0.44 N=5
0.78 N=5
-0.02 N=5
-0.16 N=5

how this comes about is still not clear. As a result of freezing injury, ions and also
sugars are leaked out from damaged cells. The electric conductivity method is based on
an assumption that the more the cells of a plant are damaged during the frost
treatment, the higher the conductivity of an effusate and the poorer the frost hardiness
of a given variety.

In this study the hardening ability of same winter wheat, winter rye and winter
barley varieties was studied using the electric conductivity method. According to this
method most of the winter wheat varieties were already quite well hardened by the be-
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ginning of the test period, and only a slight decrease in conductivity values during the
hardening period was observed.

The conductivity values of winter rye and winter barley cultivars were high at the
beginning of the test period, but they decreased, especially in rye, very rapidly. The last
conductivity values were determined just befare the permanent snow cover. On the
whole, winter rye varieties had the lowest conductivity values, and thus it is expected
that their hardening ability and also winter hardiness will be very good. The
conductivity values of winter wheat varieties were also quite low, indicating rather good
winter hardiness. In winter barley the conductivity values were still very high in the late
autumn, which means that winter barley varieties were inadequately hardened befare
the snow cover, and the plants will in all probability be damaged to same degree during
the winter time.

The injury index was determined in order to take into consideration the amount of
ions leaked out of cells of unfrozen samples and also the total ion leakage from samples
killed by liquid nitrogen. Usually a very clear negative correlation was found between
the overwintering capacity of varieties and the values of the injury index.

The arnounts of calciurn and potassiurn ions in the effusate were also determined
and the calcium and potassium indexes were calculated in the same way as the injury
index. These indexes were used to investigate how well the amount of leaked ions in the
effu- sate correlates with the overwintering capacity of varieties, and whether these two
ions differ from each other in this respect.

In this study the concentration of potassium in the effusate was about 10 times that
of calcium. According to Patta et al. ( I977a) the major cation present in the effusate is
potassium. They found that when potassium and the same amount of correspondent
anion (probably Cl-) are combined they account for practically all of the conductivity of
an effusate. In their anion bulb scale studies they found the amount of leaked potassium
ions to be almost 100 times that of calcium.

A pronounced negative correlation was found in most cases between calcium and
potassium indexes and overwintering capacity of varieties. The potassium index values
seem to give more reliable estimates of the state of hardening of varieties than the
calcium indexes. This is also to be expected since the amounts of calcium in the effusate
are very small.

There are considerable fluctuation especially in the values of winter wheat varieties
during the hardening period. The reason for this could be that winter wheat varieties
were already quite well hardened by the beginning of the test period, and the amount of
ions leaked out of the cells possibly always varies within same limits. According to
Pomeroy et al. (1975) the probability of dehardening during the quick preparation of
samples at room temperature is very small, at least as far as winter wheat or winter
barley varieties are concerned. Thus the samples entered in the freezing test should
have the same level of hardening they had obtained in the field. On the other hand
Pomeroy et al. ( 1975) discovered that winter wheat varieties in particular dehardened
quite easily during a prolonged period of slightly higher temperatures.

In Finland the weather in autumn 1990 was quite cold at the end of September and
at the beginning of October, so the conditions were very favourable for the hardening
of plants. There was a warm period in the middle of October (9-18 October) during
which the daily temperatures were above + t0°C, and night temperatures were also
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between 0°C and + 10°C. After this warm period, the temperature began to drap again,
the night temperatures in particular going down quite suddenly.

Most of the variation in the conductivity and also in the calcium and potassium
values could be explained according to the weather conditions during the hardening
period. The lang warm period in October could have induced the dehardening process
especially in sensitive winter wheat varieties. In dehardened plants the freezing test
resulted in an increased incidence of cell injury.

The overwintering capacity values used in this study are based on survival
percentages in field trials from the year 1989-90. That particular winter was very mild
throughout the Nordic countries, and this could have obscured the results of the
correlation analysis to same extent. The survival percentages of winter rye varieties in
particular were very high. In these conditions it is difficult to differentiate between
varieties with almost the same level of winter hardmess, and this could have caused
inaccuracy in the ranking list of varieties.

SUMMARY

According to the results of this study the electric conductivity method seems to give
quite reliable estimations of the level of winter hardiness of winter wheat, winter rye
and winter barley varieties. Potassium seems to be the main cation leaked out of the
damaged cells. A clear negative correlation was found between the amount of K + -ions
in the effusate and the overwintering capacity of varieties.
Since the electric conductivity method is quite simple, reproducible and reliable, it
could possibly also be used in practical breeding work when breeding material is
screened on the basis of winter hardiness.
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Test for tolerance to grey snow mould (Typhula
spp.) in winter barley
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There are wide differences in tolerance to grey snow mould (Typhula in
carnata) in winter barley. The objecrive of this project is to tind a means of
selection for good tulerancc to this disease in a breeding material of winter
barley. The test method is, with some small modifications, the same as t hat
used for snow mould tests in grasses at our institute, involving artificial
inoculation with T. ishikaricnsis and the provision of a simulated snow cover
during the incubation period. The results reflect, with few exceptions, a very
good consistcncy between years regarding the reaction of the different
var ieues. The old six-ruw var iety Fimbul li has a high level and the two
row variety lgri a low levcl of iolerance to grey snow mould. In the brecding
material i here is a widc range uf reactions. Under the very severe discase
pressure in the uia!s, it was found that the survival rate varies from O to
80%. This has providcd exccllent opportunities for selection.

Key words: Hortlcum vulgarc, snow mould, Typhula spp., winter barley.

Rune Elovson, wcibullsholm l'/a111 Hrccding institute, Box 520, S-162 24
Landskrona, Sweden,

Grey snow mould, caused by the fungus Typhula incarnata, is the most serious over
wintering disease of winter barley in northern Europe (Mielke 1990).

The disease can be controlled bya fungicide treatment if applied just before the an
set of winter, but as the treatrnent must be carried out befare the infection rate in the
field is known, it is always difficult to deside whethcr or not to spray. A general treat
ment also leads to an unnecessary use of fungicides, which is an undesireable situation.

As a complement or a replacement to the fungicide treatment, several plant hus
bandry measures can be taken to decrease the risk of a severe outbreak of grey snow
mould. The most important of these measures are:

1. Apply a sound crop rotation. T. incarnata is a facultative parasite and can survive in
the field, either as sclerotia in the soil or as mycelium on dead or living plant tissues
(Jacobs & Bruehl 1986). As the host range of the fungus includes most of the culti
vated and weedy grasses, this measure also includes control of grassy weeds and
cereal volunteers, especially barley.

2. Bury the inoculum with deep ploughing.

3. Avoid a too early sowing and too high plant densities.
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4. Keep the barley healthy and vigorous. T. incarnata can only infect weakened plants
and every measure that can keep the winter barley healthy, helps to prevent an at
tack of grey snow mould (Lehman 1965).

5. Use tolerant vanetres. Completely resistant barley varrettes do not exist, bul there
are wide variations in tolerance to T. incarnata among the winter barley varieties
and this fact forms the background for the work presented here.

With the good selection method against snow mould, primarily developed for the bree
ding of grasses (Jonsson & Nilsson 1986), it followed that selecuon work with winter
barley, should also be initiated.

MATERIAL AND METHODS

The barley to be tested is sown directly in the soil in plastic boxes, each box containing
11 varieties sown in one row of I O plants. One of the varieties in each box is always a
control. All varieties are sown with 5-10 replications, randomly distributed among the
boxes. After emergence, the barley is perrniued to grow to the three- to four-leaf stage
at low tempera ture ( + I 0°C).

Therafter the boxes are transferred to a chamber with controlled low temperature
for vernalization and hardening for six weeks at a day/night tempera ture of 5/1 °C. The
day length decreases during this period from 8 to 4 h to simulate natura! hardening
conditions.

The hardened barley plants are then infected with sclerotia of T. ishikariensis, iso
lated from sclerotia collected in the field and multiplied on a mixture of wheat and oat
kernels. T. ishikariensis is used in the test because it is easier to handle and more viru
lent in the laboratory than T. incarnata, and cereals have been shown to react in the
same way to the two fungi (Bruehl 1967; Jamalainen 1974). The boxes are then covered
with moist paper and black plastic sheets to reproduce the humid and dark conditions
prevailing under a snow cover.

In the ideal situation the incubation period should be long enough to kill about
75% of the plants, which means around eight weeks, but this depends on the conditions
and susceptibility of the barley plants and on the virulence of the inoculum. To break
the incubation period at the right moment is one of the most difficult parts of the test.

After a recovery period of 2-3 weeks in humid conditions and at gradually rising
temperatures, the level of tolerance is measured as number or percentage of surviving
plants.

An analysis of variance and a Duncan-test have been carried out on the material
(Table 1 ). Data were x-transformed prior to analysis.

RESULTS AND DISCUSSION

The object of this project is to select for tolerance to the grey snow mould in a winter
barley breeding material. As it is a very time- and resource-consuming test, the number
of tested lines is restricted to around 150/year and consequently the procedure has to be
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carried out rather late in the breeding process, in this case in generation F7. Another
consequence of this is that very few varieties have been tested for more than one year.

Table I. Analysis of
Source of variation OF ss MS F var iance

Between var ieties 16 5 0.33 4.60***
Between years, within var ieries 32 2 ().()7 1.26NS
Error 321 18 (l.05

This analysis shows a significant difference between vanetres, but no significant dif
ference between years within varieties, and the results from the different trials have the
refore been pooled.

The five varieties Frost, Fimbul li, lgri, Sonja and W 51084 have been included in
all four tests during the years 1986-89 and their survival rates are presented in Table 2.
There is a marked difference in tolerance between the two Swedish six-row varieties, the
old Fimbul li and the new Frost, with Fimbul li being the most significantly tolerant.
The German two-row varicty lgri has a very low tolerance level, while the old two-row
variety Sonja is almost as good as Fimbul li. The new two-row line W 51084 displays a
superior level of tolerance.

Among new breeding lines, there are examples of both very high and very low le
veis of tolerance to grey snow mould (Table 2 and 3), but also of lines showing varying
results. These inconsistent results call for a certain cautiousness when interpreting the
results. The risk of escape has to be considered, as the infection severity is very
dependent on the initial status of the plants, which can vary slightly even within the
boxes. It is also difficult to provide a 100% even infection.

lgri
Frost
Sonja
Fimbul li
W 51084

3 a
8 b

15 b C
19 C
35 d

Table 2. Percentage of surviving plants after infection
with 'f. ishikaricnsis. Means of four trials, 11186-89

Figures followed by the same letter are
not significantly different at the 5 %
levet

W 09588 2 a
Banteng 2 a h
lgri 2 a b
Frost (J a b C

Sonja 8 a b C d
W 04081) 12 C d e
W 22987 20 e
Firnbul li 21 e

Figures followed hy the same letter are not
significantly different at the 5 %-level

Table 3. Percentage of su rvrvrng plants after in
fection with T. ishikariensis. Means of two trials,
1988-89
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In spile of the objections, however, most of the results are consistent enough to allow a
safe judgement of the tolerance level. Aided by this method, it is possible to raise the
level of tolerance to grey snow mould in winter barley considerably.
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A rcview of the literature on control of winter darnaging fungi in winter
cereals has been car ried out. In Swcden seed dressing on average increased
the yield by 500-550 kg/ha in winter wheat and by b()(J-700 kg/ha in winter
rye for the period 1%5-82. The results differ considerably between areas
depending on winter conditions, and small differences were found between
compounds in their effect on Microdochium nivale. Benzimidazole corn
pou nds had less effect on Scptoria nodorum than mercury and guazatine.
The effect is dependent on infestation level in the seed, type of preceding
crop and on the prcvailing winter conditions. Treatment of the growing
crop with benomyl increased the yicld hy approximately 200-225 kg/ha. It
was found that the treatmcnt effects are greaier when the crop is well
developed in the autumn, after cercals as the preceding crop and under
more severe winter conditions. Resistance to MBC fungicides was discovered
in 1()82 and prochloraz and guazaune were tested as substitutes. Prochloraz
is very effective against both M. nivale and Pseudocercospoella herpo
trichoides, while guazatine only seems to work effectively on M. nivale.

Key words: Foliar trcatment, Microdochium nivale, Pseudocercosporella
herpotrichoides, seed-dressing, Typhula spp.

Hans Olvång, Dept. of l'/a111 and Foresi Protection, Swedish University of
Agricultural Scicnccs, /'_()_ Box 70-N, S-750 07 Uppsala, Sweden

Winter damaging fungi rnay infect the crop from both seed and soil inoculum. Some
fungi can infect in both ways, white others have only one or the other means of
infecting. Included among the fungi that are traditionally regarded as the cause of win
ter damage to winter cereals are Microdochium (Fusarium) nivale, Typhula spp. and
Pseudocercosporella herpotrichoides, but fungi such as Septoria nodorum and Fusarium
spp. from the "roseum group" can also cause dc1mage.

CHEMICAL CONTROL BY SEED-DRESSING

The first attempts to control fungi on the seed go back a long way in time and include
drenching in urine or wine. In more modem times copper compounds (CuSO4) and
inorganic mercury compounds were in common use. In the 19)0s organo-mercury
compounds were introduced and in Sweden in the 1950s almost all winter cereal seed
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was treated with Hg compounds. The mercury debate triggered a search for less harmful
substitutes. The benzimidazole (MBC) fungicides proved to be valuable and at the
beginning of the 1970s fuberidazole (Neo-Voronit) and thiabendazole (Sidipreg) became
the dominant products on the Swedish market. An estirnate of the frequency of MBC
fungicides for seed-dressing and for spraying on the growing crop against winter fungal
damage based on information from the chemical companies on the sale of the products,
is presented in Table I.

Table I. Acreage of winter
cereals and esti rn.ues of Year Acreage, Seed treatment, Fol iar application,use of benzimidazule fun- hecrares % of acreage % of acreagegicides for seed d ressi ng Autumn Springand foliar treatmcnt in
Sweden I'171n2-l'J8l/82

l'l7ln2 J~ I.Ot~I 31
vmrrs 342,000 73
ll/73n4 ~02,000 70
1,n4ns 324,0(Kl 74
I'175nti 462,000 41>
llJ76n7 477,000 So
vmns 328,000 60 5 2
l978n'J 207,000 54 0 9
1979/80 329,000 43 17 17
I l/80/81 230,0(X) 22 17 26
1')81/82 290,()(X) 8 14 19

In the mid- 70s guazatine (Panoctine) was introduced for seed-dressing in winter cereals
and since the beginning of the I980s almost all winter cereal seed is treated with this
compound. The new non-mercury seed-dressing compounds showed as good an effect as
the mercury-based products and in 1979 mercury was banned for treatment of winter
cereal. As can be seen from Table 1, the MBC fungicides were introduced for foliar
application at the same time as they were withdrawn from use in seed treatment. In
1982 decreased efficiency of MBCs was suspected for the first time in a rye seed
treatment experiment and in 1983 resistance to the fungicides was proven in M. nivale
both in seed and in the field (Olvång 1984).

Olafsson ( 1971) and Olafsson & Johnsson ( 1985) have studied the effect of seed
dressing in Sweden for the period 1966-82. From their reports it seems that seed
dressing of S. nodorum-infested seed lots can influence the emergence considerably
(Table 2). It is difficult to compare effects obtained in different experiments, but the
result is supported by observations in several field experiments that S. nodorum strongly
reduces the germination rate. There is a lack of Swedish experience from seed infested
with Fusarium spp. like F. cu/morum and F. avenaceum, as it is difficult to obtain seed
with a high and pure infestation. It seems, though, that these fungi cause relatively little
damage to the seedlings.

In the experiments, seed lots with varying degrees of infestation have been used.
The seed lots in the M. nivale series were, on average, infested by 15% (1-46) M. nivale
and in the S. nodorum series the average infestation was 50% ( 12- 72). There have been
mixed infestations on the seed. It is difficult in greenhouse tests lo distinguish between
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Table 2. Percentage of healthy plants in greenhouse tests and yield (kg/ha), plant c.Jensity in the autumn
and spring (0-llXl) in seed-dressing experiments with winter wheat 1971-82 in Sweden. From Olufsson
& Johnsson ( 1985)

Seed treatment Healthy
plants, %

Plant density,
Autumn Spring

Yield
kg/ha

M. nivale-infested seed ( 1971-82), 45 experiments

Untreated 47.8 97 84 5194
Mercury 1) 92.8*** 99 94*** +462***
Fuberidazole 2) 87.9*** 99 95*** +473**
Thiabendazole :I) 86.2*** 99 ()5*** + 556**
Guazatine 4) 88.0** 99 93** +556*

S. nodorum-infested seed ( 1979-82), lb exper irnerus

Untreatcd 34.0 90 75 4832
Mercury 87.0* 99 87** +476**
Fuberidawle b9.7* 99 87** + 459**
Thiabenc.Jawle 68.0 99 89** +560**
Guazarine 83.4* 99 88** +471**

1) Panogen Metox, methoxi-ethyl-mercury-acetate, 24.8 mg/kg seed
2) Neo-Voronit, fuberidazole, 1.1>8 mg/kg seed
3) Sid i preg, thiahendawle, 4.0 mg/kg seed
4) Panoctine, guazaiine. 700 mg/kg seed

the symptoms of the different diseases and in Table 2 the effect of seed treatment has
been given as the percentage of healthy plants.

The corresponding values for rye are summarized in Table 3. M. nivale was the
dominating fungus in the rye seed. An average of 21% (2-47) of the kernels were
infested with M. nivale and only a low frequency of Fusarium species occured.

Table 3. Percentage of healthy plants in greenhouse tests and yield (kg/ha), plant density in the autumn
and spring (0-lllll) in 45 seed-dressing experiments in winter rye in Sweden ll/71-82. From Olofsson &
Johnsson ( 1985)

Seed treatmcnt 1)

Untreated
Mercury
Fuberidazole
Thiabendazole
Guazatine (33 exp.)

1). See footnotes to Table 2

Healthy
plants, %

38.9***
88.0***
80.1 ***
83.0***
85.5**

Plant density,
Autumn Spring

94 70
10()** 89***
99** 90***
99*** 93"'*
ll)(I'* 88***

Yield
kg/ha

4235
+497***
+ 572***
+635***
+712***

In Tables 2 and 3 it can be seen that there are small differences between compounds in
the effect on M. nivale in the greenhouse tests. The benzimidazoles (fuberidazole and
thia-bendazole) had a somewhat smaller effect on S. nodorum than mercury and gua-
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zatine. However, this difference is not expressed in the field as plant density in the
spring and in the yield. This is probably dependent on the systemic transport of the
MBCs, which gives a certain protection to the seedlings against soil-borne infection.

The yield increase in the field experiments (Tables 2-3) varied between 450 and 550
kg/ha in wintcr wheat and 500-700 kg/ha in rye for the different seed-dressing
compounds. In an earlier series of experiments ( 1966-70) the effect in wheat was 500-
600 kg/ha and in rye 750-1100 kg/ha (Olafsson 1971 ). The effect of seed treatment on
stand and yield depends on the degree of infestation of the seed, on the winter
conditions and on the preceding crop. Johnsson ( 1976) found a treatment effect in rye
of approximately 250 kg/ha at a low infcstation level but 750-1325 kg/ha at high
infestation. The effect of winter conditions can be seen from experiments in different
parts of Sweden. In southern Sweden (Mvlån) the yield increase from seed-dressing was
0-300 kg/ha in wheat and 200-550 kg/ha in rye, while in central Sweden, where more
severe winter conditions prevail, the corresponding effect varied between 700 and 1300
kg/ha (Olafsson 1971; Olafsson & Johnsson I 985). In the above-mentioned experiments
it was also found that the seed-treatment effect was lower if the preceding crop was
cereals than if it was lay or fallow (Johnsson 1978). This indicates that the soil-borne
inoculum may reduce the importance of the protection provided by seed-dressing.

CHEMICAL CONTROL IN TIIE GROWING CROP

In the 1950s and 60s chemical control of fungal winter damage in the growing crop was
investigated by Jamalainen ( 1964). Several compounds like mercury, arsenic, cadmium,
maneb, mancoseb, thiram and pentachlornitrobenzen (PCNB) were tested. They are all
protective fungicides and most of them had a week and unreliable effect against the
fungi. In order to provide good control of the fungi, they should be applied as late as
possible before a permanent snow cover ar rives. PCN B was fairly effective against M.
ni vale and was particularly effective against Typhula spp. Bengtsson ( 1971) showed that
treatments with PCNB (Brassicol 50%, 15 kg/ha) increased yield by 160 kg/ha in winter
wheat and 280 kg/ha in rye when the crop is sown early. Because of the control of
"snow moulds" it was possible to sow at an earlier date. However, the method never
became popular, probably because the treatment had to be carried out late in the
autumn. PCNB has not been allowed in Sweden since 1986.

Since the 1970s Ml:3Cs (benomyl, carbendazirne, thiabendazole) have been tested as
foliar sprays with good results. They control M. nivule and P. herpotrichoides well, bul
have no effect on Typhula spp .. Cases have even been reported where the Typhula
attack significantly increased after treatrnent with henzimidazoles (unpublished).

In sowing-date experiments Bengtsson ( 1983) dernonstrated the same effects of
benomyl (Benlate, 0.4 kg/ha) on snow mould and yield as in the earlier experiments
with PCNB, although the eff'ects were greater. In both winter wheat and rye the attacks
of M. nivate were most severe at the recommencled date for earliest sowing. Without
benomyl treatment the highest yield was obtained at a sowing on the recommended date
for the area. With a benomyl treatment the highcst yield was obtained at a sowing date
10 days before recommended. In winter rye the average yield increase for 43
experiments was 600 kg/ha at the first sowing date bul only 160 kg/ha when the crop
was sown one month later. In winter wheat the corresponcling values were 290 and 70
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kg/ha, respectively. Similar results were obtained in experiments with benomyl (Benlate,
0.3 kg/ha) in commercial fields (Olvång 1987a, 1991 ). The average yield increase was
slightly more than 200 kg/ha in both winter wheat and rye. The effects increased
towards the north, where more severe winter conditions prevail. The attacks by snow
mould and the effect on yield increased with early sowing. In winter rye the attack by
M. nivale was 2-3 times higher and the yield increase more than double at sowing before
2 September in Central Sweden or 18 September in the South of Sweden than at sowing
10 days later. The vegetative development of the crop in the autumn influences the
results. In winter wheat the yield increase for the treatment was only 71 kg/ha when the
plants had less than three leaves but 510 kg/ha when more than four leaves had
developed. The effect of the treatments was greater when the preceding crop was cereals
(except oats) or lay than after other crops.

The resistance of M. nivale to MBCs has increased since its discovery in 1982
(Olvång 1987c). This resistance is more frequent in rye than in wheat. Foliar treatment
with MBC fungicides is no longer recommended in rye and in winter wheat except
when the seed is healthy and MBCs have been used sparsely in the field. In 1987 the
frequency of benomyl resistance in two randomly sampled untreated winter wheat fields
was found to be 30% in M. nivale (unpublished).

In 1985 the resistance frequency in Sweden of P. herpotrochoides to MBC
fungicides was expected to be low (Olvång 1987c). However, investigationes by
Haegermark ( 1988) revealed that out of 413 isolates collected in I 987 from farms with
intensive cereal production in the South of Sweden 27% were resistant to benomyl. In
the southernmost areas the frequency was considerably higher, which probably reflects
the use of MBCs in cereal production.

In the search for substitutes for the MBCs, prochloraz (Sportak) and guazatine have
been tested. Prochloraz has a good effect of both M. nivale and P. herpotrichoides. while
guazatine only seems to control M. nivale. In field experirnents both compounds
appeared to have less effect on M. ni vale than on benomyl. Treatment with Sportak ( 1.0
I/ha) increased yield more than treatment with Benlate, particularly in rye (Olvång
1987a). The effect of prochloraz on P. herpotrichoidcs seems to be approximately equal
to that of benomyl. However, autumn treatments with Sportak appear to give a more
durable effect against P. herpotrichoides than treatments with Benlate, which is probably
due to the low mobility of the compound in the plant. The effect of guazatine on yield
was less than that of benomyl. The company has stopped testing guazatine for foliar
treatments, probably because using it for both seed-dressing and spraying the crop
would increase the risk of resistance to the fungicide.

DISCUSSION

In Sweden the yield loss caused by fungal winter darnage that can be chemically
controlled in winter cereals is estimated to an average of 700-800 kg/ha. The Swedish
acreage of winter cereals is approximately 250,000-300,000 ha and with a value of 1
SEK/kg, the loss would amount to 200-300 MSEK per year. An estimate by Sundell
( I 977) for only seed treatment in winter wheat and rye gave a loss of 370 MSEK per
year at a cost of 0.63 and 0.58 SEK/kg for winter wheat and winter rye, respectively.
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In Sweden there is a tendency to decrease the chemical control of weeds, diseases and
pests. A reduction in the seed-dressing of winter cereals in particular would cause an
increase in seed-borne diseases and the risk of increased damage by fungi. In order to
minimize this risk the farmers could take certain precautions. In particular, they should
avoid extremely early sowing of the winter cereal. The winter cereal should be sown
after a suitable crop (oil seed, peas, oats, etc.). It is also necessary to exercise good soil
tilling procedures in order to reduce the amount of inf'ectious plant debris.
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Use of near-isogenic lines in analysing race
specific pathogen interrelations
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The virulence pattern of racc-spccific plant parasite pupulations can be
st ud ied in detail because of the eime gene-for-gene interrelation with genes
for resistance in the host. For the iu ven tory, host lines are needed which
carry individual genes that by cxact matching can ideru ify the corrcsponding
gene for virulence in the paibogen. Such lines should preferably have the
same general genene background, i.e. be isogenic lines. Analysis made on
such prerniscs rcveal that vi r u lcnce gcncs may have a pleiotropic function.
Bes it.les I he host se leet ion pressu re, t hei r prevalence wi li depend hereu pon
and how they harmonize with their gencriv background. The latter inter
action is favourcd by the rccumbinatory processes in a scxual phase. An
ascxual propagation will hamper such an adjustment and enlarge the spesific
and general gene erosion encountcrecl with the assortarive effect of race
spccific resistance. A nced for host altcrnation as wcll as a dikaryouc/diploid
constitution favour a preadaprive accumulation of virulence genes. It is
evident thai "breakdown " of a ncwly iru roduced resistance may just as wcll
depe nd on prcadaption as on a ruurationat event. All i hese different circuru
siauces explain why the surne parhogcn rnay show different panerns in dif
ferent ecological 11ichcs, and different pathogens may behave differently in
the same environment. Surh l..11uwlcuge is essential for the proper planning
of br,·cding for racc-,pc,iti, 1·c,i,1a11l'e.

Key worus: lsogenir r,nc,. mildew, uats, ract:-specilic resistance, rust, whcat.

James Mue Key, 01'p<1rt111c111 of f'la111 /Jrecdi111,, Swedish University of
Axricu/111rul .'icic11ccs, P.<>. Jiu., 7tHJJ, S-750 07 Upp;a/a, Swcdm

Nature works in a holistic way with the complcx intcrrelation between plant pathogens
and their hosts, but plant breeders have clifficulties in doing so. They prefcr a more
analytical approach. From the perspective of the host plant and its diseascs, they find it
more convenient to distinguish between tolerance, pseudoresistance, non-spesific
resistance and race-specific resistance (Mac Kay 1986). Although there are really no
sharp demarcation lines between the four systems, they clarify the breeding objectives.

The analytical approach fits best in connection with race-specific resistance.
Whenever developed, this type of true resistance is also gencrally preferrecl. It works
with phenotypically comparative strong genes and generally gives a higher degree of
protection than non-specific resistance (Table 1). Each gene has, however, a verv
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precise, protective function, since there is a gene-for-gene relation between the ability of
the pathogen to establish and the host plant to resist (Flor 1942).

Table I. I .esion area on
eight rice cultivars inocu
lated with four isolates of
Xanthomonas oryzae by
the ncedlc-picking method
(after Ezuka et al. 1975;
Yamamoto et al. 1•n7)

Cultivar Carrjes race- Lesion area in /2im2 caused by isolate
spee if ic gene T-7174 T-7147 T-7133 Xo-7323

Nikisakae,,, - I 10 13 13 12
Asahi 1, , ... - 23 21 24 21

Pelita I/1.. Xa-1 1 I 8 7 7
Nor in 27 .... " 1 26 29 27
TKM 6.,, .... Xa-1,Xa-2 1 1 I 16 9
Tadukan ..... li li 1 3 32 39
Nagomasari .. Xa-3 2 2 1 I 13
Chugoka 45 .. " 2 1 2 24

The steplike dividing line separates on the left race-specific
reactions, on the right nonspecific reactions with difference be-

tween pairs of cultivars but not between isolates.

When the number of gene interrelations in the system is limited, its assortative dynamic
will operate. Jf sufficiently diversified on both sides by evolutionary strokes and
counter-strokes, such a mutual provocation will generally and in sorne kind of stabili
zing selection or balanced polymorphism (Person 1966; Van der Plank 1968; Browning
1974),

The reliability of the race-specific type of resistance works satisfactorily in nature
where there is diversification on both sides. The reliability becarne endangered,
however, by the introduction of the monoculture as a prerequisite (cf. Donald 1981) for
developing productive crop models. Race-specific resistance soon came into disrepute
because of too many devastating surprises.

Today it is better understood when breeding for race-specific resistance is suitable.
A prerequisite is that the relations must be fully understood and the knowledge thus
gained properly applied. Basically, for the nceded information to be accumulated it is
necessary that the gene for virulence in the pathogen can only be identified by its
matching gene in the host plant and vice versa.

GENE-FOR GENE TYPES OF PLANT RESISTANCE

The gene-for-gene relation between a pathogen and its host plant works as an
incompatibility system. The direct pattern indicating how individual genes on both sides
work against each other is not always the same. It appears that the difference depends
upon the type of parasitism involved.

Facultative parasitism can be said to be an extension of the saprophytic alternative.
It is generally based on killing the host cell by seereting substances which either dissolve
the cell walls or destroy the cytoplasrn. Such pathogens work with toxins or enzymes
which are either compatible or incornpatible with the host genotype. A gene for
virulence corresponds to a gene for susceptibility (Lim et al. 1974; Ellingboe 1976,
1980).
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An obligate plant parasite does not invade host cells from which it takes its energy
supply. The parasite and host cells are separated by a complicated series of menbranes
through which nutrients are transported. Under such circumstances, the pathogen
cannot work with killing toxin, while the host cell may defend itself by producing a
toxin. Such antimetabolites can act either directly, or indirectly by slarving the obligate
parasite to death as a consequence of self-destruction, a so-called hypersensitivity reac
tion of the plant. A gene for virulence corresponds to a specific gene for resistance by
somehow inactivating or going round the trigger mechanism of the latter (Person 1959).

The two systems for gene-for-gene interrelations can conveniently be named the
Helminthosporium and the Melampsora type of race-spesific resistance, since they were
first discovered in relation to these two fungal pathogens. It should be observed that
they behave genetically like some k ind of mirror image of each other (Table 2).

HEL/.!INTIJOSPORIUM TYPE RACE-SPECIFIC RESISTANCE

Gene for virulence in the pathogen matches gene for
susceptibility in the host plant.

Pa thoaen Host suscept i bil ity genotypevi ru l ence
genotype - - A - - B A B

- - • • • •a - • 0 • 0
- b • • 0 0
a b • 0 0 0

MELAXPSORA TYPE RACE-SPECJFJC RESISTANCE

Gene for virulence in the pathogen matches gene for
resistance in the host plant.

Pa thogen Host res i stance genotypevirulence
genotype - - A - - B A B

- - 0 • • •a - 0 0 • •
- b 0 • 0 •a b 0 0 0 0

A and B are two race-specific res i stance genes, a and b
are two virulence genes. Both sets work qualitatively.e :: res i stance 0 • susceptibility

Table 2. Different systems of race-speci
fic host plant:fungal parhogen interrela
tions

In order to avoid confusion, only the obligate parasitism will be used for demonstration
in the following. It behaves exactly like a lock-key system. Only the matching key can
open the lock and to open a door with more than one lock, all the matching keys are
needed.

PRODUCTION OF ISOGENIC LINES WITH RACE-SPECIFIC RESISTANCE

For an anticipative strategy in connection with race-specific resistance breeding, it is
necessary to know the virulence genes present in the concerned pathogen population. It
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is also of interest to know whether they tend to accurnulate or not and to what extent
new genes or new cornbinations may occur (Mac Kay 1974, 1977). As indicated above,
such an inventory is feasible, since a gene for virulcncc can be identified by overcoming
the matching gene for resistance of the host. The existence of complementary, additive
or cytoplasmic gene actions does not conflict with this general principle and may only
be looked upon as a mere variation on the theme.

The more efficient tools for such an inventory of a pathogen population must be a
series of host genotypes carrying only one specific gene for resistance each. Since genes
are seldom completely autonornous in their phenotypic expression, it is a clear advan
tage bul not a necessity to have the same genetic background. Such basically uniform
lines differing by one unique gene only, constitute an isogenic series.

The advantage of devcloping series of this kind has becorne increasingly obvious. In
a global perspective, scvcral such series have now been developed or are being
developed. They can he produced in different ways:

Intraspecific transfer through repeated backcrosses (Mac Key 1974).

lnterspecific transfer through sexual/sornatic hybridization, a directed chromosome
elimination process and a conclusive transfer through translocation (cf. Knott & Dvorak
1976).

lnterspecific transfer through sorne modern DNA technique (Willmitzer 1987).

lnduction de /10\IO by mutagenic treatment (cf. Jørgensen & Jensen 1978).

The two last-mentioned methods are more accurate, while the two first-mentioned
methods offer problems with linkage. Due to this circurnstance, exactly isogenic lines
can be difficult to obtain. For the purpose of deciphering pathotypes, near-isogenic lines
work almost as well. Additionally transferred genes may, however, give agronomically
undesirable features and will somewhat complicate the use of isogenic lines for
biochemical gene analyses. This is a new field, where isogenic lines have become very
popular as research objects.

The transfer methods mentioned are both time and labour consuming. This is
strengthened by the fact that the phenotypic expression of race-specific gene may be
difficult to trace, especially with screening methods that are not reliable enough.

Ouite another problem is involved in the search for the widest possible set of
relevant genes for resistance. Such an inventory, preferably of global dimension, is
complicated by the fact that n individual genes may recombine in Jn different ways, of
which 2n are homozygous.

While the interrelation demonstrates the advantage of thinking in genes rather than
in sources of resistance, it also explains the likelihood of stumbling on the same gene(s)
over and over again. This will especially occur if there is a paucity of sufficiently dis
criminating tester races. The possibility of isolating new pathotypes with special, asser
ting capacity is automatically dependent on number of unique genes for resistance at
hand. In other words, there occurs an intcrdependence in prograss.
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The principle of mutual idcntification can also be applied in attempts to keep control of
genes for resistance. A collection of genetically different isolates can be used not simply
to discover new unique genes for resistance (cf. Table 3).

Cl Line/Ent ry Reaction to crown rust race:
North American Scandinavian

"'-J -J -<> -<> .... 0 .... r-, .... -J 0 °'-<> -<> "' .... N °' 0 0 r-, r-, ._,. r-,
N N ._,. N r-, N N N r-, N N N

- Ascencao xSunll3 .. - - - - R R R R R R R R
- Landhafer x Sun 116 .. - - - R - - R R - R R R- Bondvic x Sun u6 .. - - - - - R R R - r R R

4077 Quincy Red ........... - - - - R R R R R R R R
5044 Santa Fe sel ......... - - - R - R R R - R R R
8133 Coker 64-35 .......... - R R R R R R R R R R R
8238 Minn. 65-82414-2426 .. R - R R R R R R R R R R
8040 Porta 1 ............... - R - R R R R R R R R R
3436 Brazil ............... R R R R - R R R R - R R
2766 Al ber ................ - - R - R - - R R R R r
1175 Beardless Probsteier. - - - - R R R R R R R R
2144 Minrus ............... - - - - - R R - R R - R

R = resistant, r = medium resistant (2-X), - = susceptible reaction

Table 3. Access to different
races improves ic.Jcntifi
cation of unique genes or
sou rces for race-spee i fic
resistance as illustratec.J by
the oat:crown rust inter
relarion

Different pathopypes can also be used to check whether an isogenic line has a narrower
resistance spectrum than its donor, indicating that this source must have at least another
gene as well. In addition, such aset of pathotypes is useful for detecting different kinds
of experimental errors.

Table 4 is an excerpi from such control over 35 near-isogenic lines in both spring
and winter wheat using 26 different isolates of wheat powdery mildew (Mac Kay &
Leijerstam, unpubl.). The table reveals that Chul and Ulka as donors had only one gene
each for race-specific resistance and that a mishap must have intervened, since the
'Ulka x Prins? near-isogenic line' proved to carry the Chul gene. The two Halle lines
must have more than one gene, one already found alone in Ulka and a new one. The
latter happened to be transferred to winter wheat ev. Starke li in both cases but
unfortunately in none of the spring wheat ev. Prins isogenic lines. lnstead, they carry
the gene Pm2, missed in the Ulka transfer pregramme but obtained also from the donor
line Cl 12633. In this case both the spring and winter wheat pregrammes missed the
gene Pm6.

GENIC INVENTORIES OF PATHOGEN POPULATIONS

The recognition of race-specific resistance was originally based on the assortative effect
of different cultivars (Stakman & Levine 1922), and all older race keys used such
lesters. When race inveruories took a strictly genic approach, definite gains in simplicity
and direct information were achieved. Today's differentials are, however, often still
cultivars but known to carry individual genes or known gene combinations. The
advantage of working with isogenic or near-isogenic lines, preferably with low non-
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Source/near-isogenic line Gene(s)1
Reaction to Scandinavian wheat powdery mildew isolate no.

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 22 23 24 25 26 27
Chu 1 ........................ PmJb R s s R R I{ s R R R R R R R R R R R R s s R R R R R
Chu l x Prins 7. . . . . . . . . . . . . . . Pm3b R s s R R R s R R R R R R R R R R R R s s R R R R R
Chul x Starke II7 ........... PmJb R s s R R R s R R R R R R R R R R R R s s R R R R R

Halle 8810-47, .............. Pm2+? S R I R I s R R s R s R R R s R s R s R s R s R s s
Halle 8810-47 x Prins7 ...... Pm2 s R s s s s s R s R s R s s s s s R s R s R s s s s
Halle 8810-47 x Starke II9 .. Pm? s s s R s s R R s R s R s R s R s R s I s R s R I s
Halle 131171. ................ Pm2+? S R I R I s R R s R s R R R s R s R s R s R s R s R
Halle 13471 x Prins7 ........ Pm2 s R s s s s s R s R s R s s s s s R s R s R s s s s
!lalle 13471 x Starke u8 .... Pm? s s s R I s R R s R s R s R s R s R s I s R s R I s
CI .I 2633 .................... Fln?.+6 R R R I I R R R R R s R R I R R I R s R R R R I s s
CI 12633 x Prins10 .......... Pm2 s R s I s s s R s R s R s s s s s R s R s R s s s s
CI 12633 x Starke II1o ...... Fln2 s R s s s s s R s R s R s s s s s R s R s R s s s s
Ulka ........................ Fln2 s R s s s s s R s R s R s s s s s R s R s R s s s s
u 1 k.1 x P1· i 11.•;8 ............... n,,3/J I( s s I( I! Il s I! I! I! Il Il I! Il I! Il I! " I! s s Il I! Il Il Il
Ulka x Starke rr7 ........... Fln2 s R s s s s s R s R s R s s s s s R s R s R s s s s

Prins= spring wheat receptor, Starke II = winter wheat receptor

R = resistant, I= intermediate, S = susceptible reaction

Table 4. Access to discr irninati ng isolates allows idenuficarion and conrrol of near-isogenic lines for
race-specific resistance as ilf ust rated hy the wheat.mildew interrclation. Cf. also text

specific resistance, is not always at hand. Neither were there any isogenic lines at hand
at the time when there was an interest in running race inveruories in Scandinavia.

The old international race key for oat stem rust offcrs a good demonstration, how
ever. The four oat cultivars chosen as differentials happen to carry one race-specific
resistance gene each, first narned A, B, I) and t.·, later Pg2, Pg4, Pgl and Pg3,
respectively. In order to follow the gene-for-gene relation more easily the old
denomination will be used and with a, h, d and e representing the matching virulence
genes in the rust. This denornination also fits from the viewpoint that the genes for
resistance are dominant and those for virulence are recessive. It should also be observed
that the gene-for-gene interrelation is in this case the simplest possible. Not only the
autogamous oat cultivars but also the dikaryotic uredospores must have their respective
gene in a homozygous arrangement, in the latter case to have the virulence
phenotypically expressed.

Based on the true resistance vs. susceptibility reaction on each differential, it has
been possible to distinguish 1 b different patterns or physiological races. They were
originally nurnbered in the USA as they were found, and all of them have also been
observed in Scandinavia (Mac Key 1980). In addition, 10 more races were described in
the USA, since they show a mesothetic reaction on one of the differentials. This mixed
and temperature-unstable syndrome is oroved to be due to a superimposed cytoplastic
effect (Green & Mckenzie 1967). In a true gene-for-gene relation, it should be read as
susceptibility, which limits the number of true races observed to 16 (Table 5).

Since four genes of gene duplexes can be recombined in 16 different ways (24 =
16), all possible 16 races have apparently been observed. In Table 6, the 16 races are
rearranged after the increasing nurnber of genes involved as corning out from their
reaction patterns and the gene-for-gene relationship. Since the differentials chosen
happened to function in a similar way to isogenic lines, the old races can apparently be
dechipered. Already-made race surveys can be used to understand how races are
composed.
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Reaction of differential variety to oat stem rust race no.:
Differential Res. l lA 2 2A 3 3A 4 4A 6 6A 7 7A 8 8A ll llA

variety gene 5 5A 13 13A 12 12A 9 9A
10 lOA

White Tartar D (Pgl) ••••o 0000 ooo• •••Richland A (Pg2) •• •• • eooooeeooo 0
Sevenothree E (PgJ) ••oo• •••o 0 0000••
Rodney B (Pg4) eoeo eoeoe oeoeoe 0

• = resistant O = mesothetic or susceptible reaction

Table S. Old cunventional race key for ost stem rust

Gene for Pattern ofreaction of oat stem rust race number:
resistance 1 11 lA 3 2 llA 4 8 3A 2A 7 4A BA 6 7A 6A
A (Pg2) ...• o••• ooo••• oooe 0
B (Pg4) ...• •o•• oeeoo• ooeo 0
D (Pgl) ...• ••o• eoeo•o oeoo 0
E (PgJ} ...• •••o ••oeoo eooo 0

Gene for Combination of virulence genes in oat stem rust race number:
virulence 1 11 lA 3 2 11 A 4 8 3A 2A 7 4A 8A 6 7A 6A
a ......... - a - - - a a a - - - a a a - a
b ......... - - b - - b - - b b - b b - b b
d......... - - - d - - d - d - d d - d d d
e ......... - - - - e - - e - e e - e e e e

• = resistant Q = susceptible reaction

Table 6. Deciphering
as to genic cornposi
tiun of races of oat
stem rust identified
by the old conven
tional race key (Mac
Kay l'J74

As examples, deciphered race spectra for Sweden and the USA are presented in Table 7.
The two countries represent total absence and presence, respectively, of host selection
pressure. The period 1956-59 had to be chosen as being the only years in which Swedish
inventories were made. It also fits well to illustrate the effect of host selection pressure,
since the resistance genes A and D were separately introducecl in North America in the
late 1940s, and they were combined together or with B in the micldle of the 1950s
(Stewart & Roberts 1970).

The two sets of race spectra clearly demonstratc that prevalence of race-specific
gene for virulence is not only determined by host selection pressure. Contrary to the
idea of Van der Plank ( I 969), genes 'unneccessary' for invading the plant host, do not
always have to be selected against as a consequence of sorne kind of negative fitness or
inablity to compete.

Besides their specificity, virulence genes may even have sorne kind of more general
or supporting function. As is evident from Table 7, all races vital enough to be recorded
over the four ycars carry gene e in the USA but gene d in Sweden. The two genes are in
their respective geographic areas the most common virulence genes, despite their not
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Relative prevalence (%) of oat stem rust race number/pathotype:

Year n 1 11 lA 3 2,5 llA 4 8, 10 3A 2A,5A 7,12 4A BA,lQ/\6, 13 7A,12A 6A,13A

---- a--- -b-- --d- ---e ab-- a-d- a--e -bd- -b-e --de abd- ab-e a-de -bde abde

S w eden:

1956 32 - - - 31 - - 28 - 6 - 13 - - 13 3 6

1957 61 - - - 7 - - 7 - 3 - 11 3 - 13 25 31

1958 96 - - - 24 - - 14 - 5 - 20 3 - 15 6 14
1959 133 - - - 12 - - 9 - 7 - 16 5 - 10 21 20
1956-59 322 - - - 16 - - 12 - 6 - 16 4 - 12 15 19

U. S. A.:

1956 476 - - - - 16 - - 15 - - 66 - - 1 2 -
1957 522 - - - - 12 - - 21 - 0 59 - - 2 6 0
1958 286 - - - - 14 - - 26 - - 54 - - 1 5 -
1959 230 - - - - 7 - - 11 - - 59 1 - 10 10 2
1956-59 1514 - - - - 13 - - 19 - 0 60 0 - 3 5 0

Table 7. Deciphered race spectra of oat stem rust for Sweden and the USA in IIJSh-59 (/Mac Key IIJ77)

being needed for overcoming the resistance of the host. With no host selection pressure
in Sweden, gene d is as unnecessary as all other virulence genes. For obvious reasons,
the resistance gene E has never been used in North American oat breeding and thus
neither should the virulence gene e have been challenged to prevail on that continent.
Obviously, the gene e must otherwise be important in one situation, gene d in another.

In addition, it is clear that preservation of virulence genes in a rust population is
even more complicated. In spile of absence of a host selection pressure, all Swedish race
spectra show a significant tendency toward gene accurnulation.

The Arnerican out stem rust behaves diffcrcntly. The introduction of resistance
genes A and f) has, as expected, given the matching genes a and da selective advantage.
When genes A and I) were brought together along with gene H, the matching
combinations of virulence genes have been favourcd. Complex races do not, however,
prevail as in Sweden, indicating that stabilizing selection works.

A similar conuadiction has been observed for wheat lenf rust. In Sweden as well as
in the whole of l iast Europe, gene accurnulation prevails. In the USA as well as in
Portugal stabilizing selecuon has been proved lo function (Mac Kay 1981).

GENERAL rlTNESS or VIRUL[NCE GENES

Apparently, genes for virulence may show different ability to be preserved over time in
rust. Environment will have an effect on this but likely genetic background as well. For
safe overwintering in Sweden, rust has to pass the complete cycle including a sexual
phase. In North America the more important hiotypes rely on constant asexual
reproduction at the uredinial stage owing to the efficiency of the so-called Puccinia Path
(Frey et al. 1977). Separated only by the narrow strait of Gibraltar, the Pyrenean
peninsula is likely to be in a similar position. Obviously, the potenttal for recombination
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as a basis for genene background adaptation must be very different. It is also important
to be aware of the fact that the assortative effect of race-specific resistance introduced
in a crop plant implies not only a specific bul also a general gene erosion. Such an
impoverishment will be much stranger, if races are never or seldom recombined.

In addition, a need for host alternation calls for a preservation capacity. This has
also been proved for oat stem and crown rust in Israel (Wahl et al. 1964; Wahl 1970)
and for oat stem rust in Australia (1.uig & Baker I97J). Common oats are infected by
'unnecessarily' complex races. In seasons when annua) oats do not grow, other grasses
serve as alternative hosts.

Jf rust shows preadaptation whenever circunstances so allow, it is difficult to see
genes for virulence as only responsible for the effect we study. It is also likely that we
overestimate mutational events, when we are confronted by a more or less sudden
'breakdown' of a new resistance introduced.

Lines carrying individual genes for resistance can also be useful to illustrate this
aspect. Up to 1974, 13 different genes for race-specific oat stem rust resistance were
known (Mac Key 1974). Lines carrying one of the genes each, can be laid out as some
kind of trap nursery or be checked by a representative number of collected rust
samples.

In spile of no host selection pressure, at least 11 of the matching genes for virulence
were found to exist in Sweden, even more strongly supporting the pattern of gene
accumulation and preadaptation (Table 8). With such a result, it is also easy to
understand that a thorough inventory has to be made prior to a non-hazardous planning
of breeding for race-specif'ic resistance. The nurnber of virulence genes found was, in
fact, very much the same as in the USA where there has been conscious breeding for
resistance since the 1940s.

Source Carries
gene

Table H. Gencs for race-specific resis
tance against oat stem rust known up 10
197•1 and the prc-existcnce of the ma
tching virulencc genes in Swcdcn (Mac
Key 1974)

Lanark, White Russ i an, Minrus Pgl (D) •

Exeter, Richland, Ajax Pg2 (AJ•

Canuch, Jostrain, Roxton PgJ (E) •

Rodney, Torch Pg4 (B) •

Cl 2710, RL 524. l, Cl 4023 pgB (f! •

Cl 5844 pg9 (h} •

Cl 3034 pgll •

Kyta pg12

Avena sterilis CW490-2 pglJ(m)

Garry, Hajira................................ (G) •

Cl 1575...................................... (G!

Milford, Winter Turf......................... (N} •

Rosen Mutant (pg9 + ?)........ •

Sa i a, 2x (Avena strigosa). . . . . . . . . . . . . . . . . . . . *

* matching gene for virulence al ready found in the
Scandinavian population of oat stem rust.
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A demonstrated incidence in the USA of virulence genes matching the resistance of E
(Pg3), f (pgB), h (pg9) and m (pg/3) hut absence of the matching genes for resistance in
the host population (Martens et al. 1970) supports the idea of a preparedness.

Wheat leaf rust has been proved to behave in a similar way. East European races
may often hold 4-5 or even more 'unnecessary' genes for virulence (cf. Stewart et al.
1967; Ralski 1972; Boskovic & Browder 1976).

Since genes for virulence can only be detected by matching genes for resistance,
insufficient knowledge of an already existing preadaption appears thus as plausible as a
mutational event when the rust overcomes a newly introduced resistance. It is true that
mutants resulting from the high nurnber of spores alreudy at low infection are quite
abundant. Parlevliet & Zadoks ( 1977) give an estimate of ca. 1000 mutants per
locus/day/hectare at not too severe a rust infection. Such tigures, the above indication of
the preparedness and the general experience from rust epedimics indicate that mutation
frequency and mutation establishment must be very different. Almost all raw mutants
may be unable to survive if not exclusively needed to overcome the resistance of the
obligate host. The chances of an 'unnessary' mutant surviving in a monoculture may be
almost nil. A subsequent background adaptive process may be a necessary prerequisite.
In the dikaryotic rust, this process can proceed stepwise via heterozogosity.

Arguments along this line are supported by studies of a true haploid pathogen with
no host alternation. Table 9 presents deciphered race spectra for wheat powdery mildew
from an inventory in Sweden befare host selection pressure was introduced. Again a
fourfold gene interrelation is enough to show that in mildew it is now simple races that
prevail in Sweden. It is obvious that if restricted recombination is one case for impaired
gene accurnulation, low genetic storage capacity as in true haploidy is another.

Year n Relative prevalence {%) of wheat powdery mildew pathotype:1---- I a--- -b-- --c- ---d I ab-- a-c- a+-d -bc- -b-d --cd j abc- ab-d a-cd -bcd J abcd

S w eden:

1960 161 42 23 l 6 4 2 8 5 3 l l 4
1961 440 16 10 3 22 3 2 26 3 2 0 7 0 0 6 0
1962 358 11 14 3 20 2 3 29 2 2 6 2 5 l
1960-62 959 19 14 3 19 3 2 24 3 l 0 6 l 0 5 0 0

Symbol key: a = virulence gene matching
b " u

C
d

Pml (Ml-tJ, in Nor ka,
Pm2 (Ml-u) " Ul ka,
PmJa(Ml-cJ " Chul,
pm5 (ml=h) " Hope Sel ect i on.

Table 9. Deciphcrcd race speet ru of wheat powdery mildew for Swcdcn in 19h0-h2 (after t.cijerstam 1962,
1965)

CONCLUDING REMARKS

Because of the gene-for-gene relation in connection with race-specif ic resistance, it has
been shown that individual genes for resistance can be used to analyse pathogen
population structures. It is evident that a warning against too wide a generalization is
appropriate when planning breeing for race-specific resistance. Different populations of
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the same forma specialis in different situations as well as different pathogens in the
same ecological niche may differ as to ability to accumulate and preserve temporarily
'unnecessary' genes for virulence.

It is apparent that the host selection pressure cannot be the sole reason for
prevalence of certain genes for virulence. They may have pleiotropic effects, and their
interaction with their genetic background may be decisive for their preservation. The
efficiency of such an adaptive process as well as risks for specific and general gene
erosion are dependent on whether sexual or asexual reproduction prevails.

A preservation capacity of great importance for pathogens with host alternation
appears to be proportional with the ability of genetic storage capacity. True haploidy
implies here a disadvantage, while the immediate phenotypic exposure favours a more
provisional flexibility towards a changing host selection pressure.

SUMMARY

The virulence pattern of race-specific plant parasite populations can be studied in detail
because of the close gene-for-gene interrelation with genes for resistance in the host.
For the inventory, host lines are needed which carry individual genes that by exact
matching can identify the corresponding gene for virulence in the pathogen. Such lines
should preferably have the same general genetic background, i.e. be isogenic lines.

In facultative race-specific parasitism, a gene for virulence corresponds to a gene for
susceptibility. In obligate parasitism, a gene for virulence overcomes a certain gene for
resistance. The two systems are like mirror images of each other and can be studied
after similar principles.

Analysis based on these premises reveal that virulence genes may have a pleiotropic
function. Besides the host selection pressure, their prevalence will depend hereupon and
how they harmoniz with their genetic background. The latter intcraction is favoured by
the recombinatory processes in a sexual phase. An asexual propagation will hamper such
an adjustment and enlarge the specific and general gene erosion encountered with the
assortative effect of race-specificity. A need for host alternation as well as a
dikaryotic/diploid constitution favour a preadaptive accumulation of virulence genes. It
is evident that 'breakdown' of a newly introduced resistance may just as well depend on
preadaptation as on a mutational event.

All these different circumstances explain why the same pathogen can show different
patterns in different ecological niches and different pathogens can show patterns in the
same environment. Such knowledge is essential for proper planning of breeding for
resistance.
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A laboratory-derived Min-aggressive powdery mildew isolate, and a non
aggressive isolaie, and two near-isogenic barley lines with and without the
powdcry mildew resisiance gene mlo5 were used as a mode! system to study
the eftect of Mlo aggressiveness of the pathogen and Mlo resistance of the
host. The aggressivencss of powdery rnildew was expressed as an approxima
tely 5, 75 and IOO0-fold incrcased ability successfully to infect subsidiary,
short and long epidermal plant cells, respectively, supported by a reduced
latent pcriod. The Mlo resistance was expressed by reduced, very reduced
and virtually no successful infections in the three cell types, respectively,
and a substantially extended latent period. The number of mildcw colonies
formed per 100 viable conida applied was about 25 on non-resistant barley.
On Mlo-resistant barley the tigures were 0.05 for the non-aggressive, and 3
for the aggressive isolates. The ability of the Min-aggressive isolate to grow
on non-resistant barley was not statistically significantly reduced. The re
sults are briefly discussed in relation to survey methods and to the possible
evolution of Mlo aggressiveness in natura! powdery mildew populations.

Key words: Aggressiveness, bar ley, Erysiphe graminis f.sp. hordel, Hordetun
vulgare, powdery mildew, resistance.

J. He/ms Jørgensen, Plan/ Biology Scction, Environmentul Science and Tech
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In recent years new high-yielding spring barley varieties with Mlo resistance to barley
powdery mildew have become widely grown in Europe (Andersen 1989b, 1991 ). This
resistance is conferred by recessive genes in locus mlo on barley chromosome 4. It dif
fers from race specific and partial resistance, and does not conform to the gene-for-gene
system (Jørgensen 1987).

The resistance is caused by rapid formation of large callose-containing cell wall
appositions at the sites of the infection attempts from the pathogen (Skou et al. 1984;
Bayles et al. 1990) that render normal epidermal cells resistant. The subsidiary cells to
gard cells at the stomata are only moderately Mlo-resistant (Jørgensen & Mortensen
1977); infections here can give rise to occasional mildew colonies. The mechanism of
Mlo resistance has been reviewed recently by Aist & Gould (1987), Bayles et al. (1990)
and Jørgensen (1991).

The Mlo resistance is apparently effective against all powdery mildew isolates
(Andersen 1991; Jørgensen 1977). However, Schwarzbach ( 1979) made a selection
experiment under laboratory conditions where he maintained a strong and continuous
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selection pressure for 48 successive conidial generauons (Schwarzbach 1987) on large
populations of powdery mildew from isolate 'GE 3' inoculated onto the Mlo-resistant
barley line I-ILN 70-8. The final selected population had increased its pathogenic
effectiveness bya factor of about 9 in terms of formatton of ESII (elongating secondary
hyphae), bya factor of about 150 in terms of number of colonies formed, and about 30
in terms of conidia produced per unit of leaf area. The final population was, however,
heterogeneous. The most effective individual isolate selected, 'HL 3', had increased the
infection frequency (number of ESi-i formed) by a factor of about 200, an increase to
8.68 from 0.043 of the original isolate. This is indeed a substantial increase, but since
the infection frequency of the original isolate on compatible barley is 8 to 10 times
higher (cf. Jørgensen & Mortensen 11)77; Mendgen 1984), the increased pathogenic
effectiveness of the selected population and isolates has been termed as increased
aggressiveness, not virulence, on Mlo barley (Jørgensen 1983, 1984). It has been shown
that the increased aggressiveness of powdery mildew isolate 'HL 3' is effective on all
Mlo-resistant barleys tesred, but unchanged on non-Mlo-resistant barley (log. cit.,
Portmann 1982; Keller & Mendgen 1984). Some results (Jørgensen 1984; Keiler &
Mendgen 1984) suggest that the Mia-aggressive isolate 'IIL 3' has a somewhat decreased
fitness compared to that of non-aggressive isolates when grown on compatible barley
tissue. lf this is really the case, it will have a substantial impact on the prospects of the
durability of Mia rcsistance. Mlo-aggressive mildew that may arise in natura! powdery
mildew populations would then not spread so easily.

In 1987 to 1989 a Nordre project financed by 'lnternordic Plant Breeding' had been
undertaken with the aim of elucidating the nature of Mia aggressiveness, and the
potential of Mia-aggressive milclew to arise and spread in natural powdery mildew
populations. This was done by describing Mlo aggressiveness phenotypically by mea
suring the infection frequency, colony growth, and spore production of Mia-aggressive
and non-aggressive milclew on near-isogenic barley lines differing in Mia resistance vs.
susceptibility. The quantitative nature of Mia aggressiveness and resistance required
methods for quantitative and reproducible inoculation. The methods used here have also
been used to assess grades of partial resistance of barley lo powdery mildew (Knudsen
1984; Knudsen et al. 1987). Some of the present results have been described briefly
elsewhere (Andersen I989a, 1989b).

MATERIALS AND METI IODS

Barley material
A pair of near-isogenic spring barley iHordcum vulgurc 1 .. ) lines differing in Mia
resistance were used. They were developed from mutant 'Risø 5678' (Cl 15219) (Cl and
NGB numbers are accession numbers at the USDA Small Grains Collection and the
Nordic Gene Bank, respectively) with mutant gene mlo5 from the spring barley variety
'Ca risberg li' (Cl I 5218) (Jørgensen 1975). The mutant was crossed and backcrossed
three times to 'Carlsberg li'; then, gene mlo5) was held heterozygous for eight
consecutive generations of selfing, and a homozygous resistant and a susceptible line,
Risø 5678/3* (F8) Carlsberg li (R) (NGB 9276), and Risø 5678/3* (F8) Carlsberg 11 (S)
(NGB 9277), respectively, were selected (Jørgensen, unpublished). In the present study
the two lines are designated R 5678 (R) and R 5678 (S), respectively. The two seed lots
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were fractioned by seed size, and only seeds with a diameter between 2.8 and 3.0 mm
( I 000 gra in weight approximately 58 g) were used.

The barley seedlings were grown in K-soil, a commercial peat-rich soil, that was
homogenized to ensure an even distribution of nutrients. Polyacrylamide plates (2.5 mm
thick, 21 cm long, and 10 cm broad with 90° bending near the middle) were placed in
the soil and 18-20 seeds sown in one row in the middle of a square pot (13 x 13 cm)
about 2 cm from the plate (Fig. 1 ). The plants were raised in a growth chamber with a
light intensity of about 5000 lux for 12 h and a ternperature of about I 5°C in the light
and about 13°C in the dark. Seven days after sowing and one day prior to inoculation,
ten plants in the pot were selected for uniformity, and the first true leaf per plant was
fixed to the horizontal part of the polyacrylamide plate with the abaxial side up using
two unbleached l-rnm-thick cotton strings placed 5.5 cm apart; 5-cm parts of the leaves
between the strings were used for making impression films, colony counting, and assess
ment of colony development.

Fig. I. Pri mary leaves
of barley seedlings in
square plasuc rots
being fixeJ to the hori
zonial part of a right
angled polyacrylamide
plate befare inoculation

Powdery mildew isolates
The Mia-aggressive isolatc 'I IL 3/5' of the powdery mildew fungus iErysiphe graminis
DC f.sp. hordel Marehal) selected by Schwarzbach ( 1979) and isolate 'GE 3' from
which 'HL 3/5' was derived were used. They may be considered near-isogenic apart
from the genes that confer the differences in Mlo aggressiveness. This is supposed by
the identical virulence of the two isolates with respect to 29 different powdery mildew
resistance genes (Giese et al. 1990; Jørgensen & Jensen, unpublished). The isolates were
taken from the siock collection of powdery mildew isolates at Risø National Laboratory.

Inoculum production
lnoculum production cornprised multiplication of the isolates on 7-day-old seedlings of
the variety 'Manchuria' in 10 cm diameter pots. The pols were contained in perspex
cages 40 x 40 x 35 cm with two sides equipped with spore proof filters. The plants in
the cages were incubated in a controlled environment chamber under 14 h of lighting



80 Mlo aggressiveness of mildew

(4500 lux), a relative humidity of 85-95%, and at l8°C under light and I3°C in dark
ness. After four days, 5-cm-long leaf segments with an even distribution of about 10
colonies were detached. The selected leaf segments were placed on agar plates with
0.5% water agar with 15 ppm benzimidazole in 12 x 8 x 2 cm polystyrene boxes with
the abaxial side up and fixed by plastic partitions to prevent the leaves from curling and
dry ing. The leaf segments were incubated for five days at 14 °C and 3000 lux con ti no us
lighting. Sixten hours befare use the boxes were inverted and tapped gently with a
finger to rernove old conidia.

Inoculation, incubatu •n and assessmcnt methods
The conidia from 'Manchuria' leaf segments were harvested with a cyclone spore trap
(from ERI Machine Shop, Iowa State University, Arnes, Iowa 5001 I) and within 30 min
the desires amounts of conidia (in mg) were suspended in fluorochemical FC 43 (in ml).
The suspension was sprayed using an 'inoculator ' described by Knudsen ( 1984) onto the
horizontally fixed leaves of the barley lines. The inoculum density in conidia per cm2
leaf area was acljusted to: 100 of isolates 'GE l' and 'I IL 3/5' on line R 5678 (S); and
5000 of 'GE 3' and 700 of 'HL 3/5' on line R 5678 (R). The inoculated plants were
incubated in the perspex cages described above and under those environmental
conditions. Four pots each with len kaves were inoculated for each of the four
hosUpathogen combinations. This cornplete experiment was replicated twice. Forty-eight
hours after inoculation, parlodion impression films were made from one leaf from each
pot (see Thordal-Christensen & Smedegård-Petersen 1988). The films were mounted in
lactofuchsin (see Jørgensen & Mortensen 1977). They were used to assess the frequensis
of spore germination and epidermal cell types, and the frequency of infection by light
microscopy. The remaining nine leaves per pot were used to assess the latent period and
di sease efficiency.

Germination frequency
In each leaf imprint 300 randomly chosen conidia were examined. A conidium was
considered germinatcd if it had a normally appearing appressorial germ tube with at
least ane lobe, or an elongating secondary hyphae (equal to the types 0, 1 and 2 in Fig.
2b, and to types 1, 2 and 3 in Fig. 2c, respectively, described by Andersen & Torp
(1986)).

Frequency of epidermal cell types
Leaf imprints were searchcd from the leaf edge to the central leaf vein at 125 x phase
contrast magnification. For greater detail 200 or 500 x magnification was used. In each
imprint 300 to 350 conidia with appressorial germ tubes were scored for position of its
primary lobe assuming that the unclcrlying epidermal celt was exposed to an infection
attempt by the penetration peg at the central part of the lobe. These epidermal cells
were classifiecl as lang, short or subsidiary cells (Fig. 2). The frequency of conidia
encountering the three different cell types is assumed to represent the percentage of the
leaf surface constituted by this cell type.

On the susceptible lcaves appressoria norrnally had only one lobe, whcras on the
resistant leaves many appressoria hacl two or even three lobes. In such cases the
challenged epidermal cell was scored as the ane encountered by the latest developed
lobe.
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Infection frequency
In three of the four host/pathogen combinations all the germinated conidia were also
scored for the presence or absence of an elongating secondary hyphae (ESH), i.e.
whether a functional primary haustorium had been established or not by the fungus
(Masri & Ellingboe 1966). The infection frequency in the different cell types was
calculated as germinated conidia with ESi-I as a percentage of all germinated conidia
encountering the same cell type. Because of the low frequency of successful infections
of the non-aggressive isolate 'GE J' on the resistant line R 5678 (R), an indirect
approach was necessary to assess infection frequency. A multiple number of strips
across the leaf imprint were searched at low magnification (78 x), and only the very
rarely bul easily found appressoria with ESi I were scored with respect to infected cell
type. From the known area of the strips, inoculum density, frequency of germ i nation
and cell types and the infection freqeancy in each cell type were estimated. In this
combination the estimated number of germinated conidia was more than 57,000.

Latent period and dlsease efficicncy
On the remaining nine leaves per pot the visible milJew colonies on the 5-cm leaf
segments were counted each day between the fourth and eighth day after inoculation on
R 5678 (S), and until the eleventh day on R 5678 (R), using a large 10 x rnagnifying
lens. The latent period was calculated to be the first day when the final number of
developing mildew colonies becarne visible. The disease efficiency was calculated to be
the percentage of germinated conidia that produced visible colonies.

Suuistical analysis
Statistical analysis were carried out using the Statistical Analysis System (SAS). Analyses
of variance or general linear mode! analyses were used. Comparisons between
isolate/host combinations were made by 'Duncan's new multiple range test'. An
exception was the infection frequency, where 95% intervals of confidence were
calculated in accordance with the formula for binomial clistribution.

RESULTS

Germination frequency
The germination percentage of conidia was independent of the host genotype, i.e.
unaffected by the presence vs. absence of gene mlo5 in the plants (data not shown). The
experimental set-up was not designed for a critical comparison of the germination per
centages of the two isolates with and without Mlo aggressiveness.

Frequency of epidermal celt types
The estimates of the percentage of the Ieaf area constituted by the three cell types are
given in Fig. 2. The cells subsidiary to stornata constitutcd 6%, the short cells 35%, and
the lang cells 59% of the leaf area. These figures are from estimates on the two barley
lines, the susceptible R 5678 (S) and the resistant R 5678 (R). I lowever, as they did not
differ, the data were pooled. These figures are close to previous estimates (cf. Koga et
al. 1990).
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Fig. 2. Epidermal
cell types of the
abaxial side of the
first true leaf of bar
ley

C

C

~C

Cell type Per cent of
leaf area

a: Subsidiary cells in 6
stomata

b: Short cells in contact 35
with stomata

c: Long cells without 59
contact with stomata------

lnfection frequency
The perceruage of germinated conidia that successfully inf'ected an epidermal cell, i.e.
formed as ESi-i (Ta ble I), is practically the same irrespective of celt type and isolate on
the susceptible line R 5678 (S), except for isolate 'IIL 3/5' in subsidiary cells. This
estimate is based on observations of a limited number of conidia, however, and is,
therefore, unreliable.

Tahlc I. lulcct ion Ircqucucy in thrcc types of cpiJcrm,il ccl!s ~111d in the lcal, latc nt pcr iod, ;,_intJ discasc cfficicuc y for
the Mlo aggressive powdcry mildcw isolate 'I li. 3/S' and the 11011-aggrcssivc isol.uc '(JI::. J' 011 primary lcavcs or the mios
resistunt harley line K 5b78 (K) and the susccptihlc line K 5o78 (S). Relative valucs are in purcnthcscs. The rccordcd
numhcr of' E.5H and gcrmin.ucd conidia are indic.u,..:J hy the ligurcs scparutcd hy a slasb. Valucs within cach colurnn
followcd by Jiffcrcnt lcuers are sig11ifh.:a11tly Jiffcn..:nt al the 51

¼1 lcvcl. For columns 1-4 cornpur isons hctwccn columns
are also valid

Milclew
isolare

GE3

HL 3/5

GE 3

HL 3/5

I nlcction frcyucn'=:1_ i11 pcri.:cnt in Latent
Uarley suhsidiary short long the le.of pcriod,

line cclls cclls cclls days

K 5b78 (S) 3o.7 ± 10.4 JlJ ..1 ± 5.0 4h.5 :!: 3.Q 43.3 ± 3.0 5.44 ± 0.48
ah 24nY a 14otJ72 a 292/t:>28 a (100) a (100)

K 5b78 (S) 20.4 :!: 10.b 43.0 ± 5.4 43.lJ :!: 4.3 42.3 :!: 3.3 5.51 :!: 0.23
h 11/54 a IJ8/32 I a 219/499 a (98) a (101)

R 5b78 (K) 0.84 :!: 0.]2 11.10 :!: 0.05 <0.003 0.08 ± 0.02 9.()3 ± 0.33
C 28/J.IJ I r 211/20213 f 0/33720 C (0.2) C (177)

K 5o78 (K) 4.14 ± 3.41 7.55 ± I.Id J.o7 ± 1.14 3.92 ± 0.90 7.b5 :!: 0.51
cd t:,/145 C 77/ 1020 d JlJ/1002 d (Y) h ( 141)

Discasc
cfficicncy.
pcrccnt

25.1 ± h.4
a ( 100)

23.4 ± 2.7
a (93)

0.05 :!: 0.02
C (0.2)

2.YJ ± 1.13
h ( 12)

The effect of the resistance gene nilo5 is seen in the combination of isolate 'GE 3' and
line R 5678 (R) where the infection frequency on the whole leaf is reduced by a factor
of about 500. The majority of infections (28) were in subsidiary cells and the rest (20)
were in short cells. The subsidiary cells are thus nearly ten times more susceptible than
the short cells and they exhibit a moderate level of Mlo resistance only. No successful
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infections were seen among nearly 34,000 infection siles in lang epidermal cells. In
other experiments (unpublished data) a few successful infections have been recorded in
lang cells. The true value of the infection frequency in long cells of Mlo-resistant barley
by non-aggressive powdery mildew may thus be considered to be approximately one per
20-30,000 germinated conidia.

The effect of the aggressiveness of isolate 'HL 3/5' on the Mlo-resistant line R 5678
(R) is seen as an increase in infection frequency on the leaf by a factor of about 50
when compared with that of the non-aggressive isolate 'GE 3'. It is important to note,
however, that this highest known leve! of aggressiveuess is still only 10% that in a
compatible combination, e.g. by 'GE 3' on R 5678 (S). The Mlo aggressiveness of
isolate 'HL 3/5' results from an approximately 5, 75 and 1000-fold increase in its ability
to seccessfully infect subsidiary, short and long epidermal cells, respectively.

The latent period
The latent period (Tab le I) shows no difference between the two isolates when growing
on the susceptible line. The very few colonies developed by isolate 'GE 3' on the resis
tant line require nearly ten days to reach a size that enables detection. The latent period
of the Mia-aggressive isolate 'HL 3/5' on the resistant line is intermediate between that
of the non-aggressive isolate on the resistant line and that of the two isolates on the
susceptible line.

Disease efficicncy
The percentage of germinated conidia that infect the host and survive until the
reproductive stage (Table I) is about 25 in the two compatible host/pathogen
combinations; it is drastically reduced with the non-aggressive isolate, and reduced to
about I 0% only with the aggressive isolate. The relative va lues in the four combinations
are close to those for infection frequency on the leaf. Calculations reveal that the
percentage of successful infections that survive to produce a visible colony is 58, 55, 64,
and 75% respectively, for the host-pathogen combinations GE-(S), HL-(S), GE-(R), and
HL-(R). These differences are probably due to the experimental set-up. On the suscep
tible barley line, the number of colonies per square centimetre that had to be counted
reached 20 or even 25, so that two or three close-lying colonies may have been counted
as one, and some may have repressed by vigorous growth of close-lying colonies. There
fore, we consider these nurnerical differences invalid, and assume that the true per
centage of conidia with ESH that survive to produce a sporulating colony is around
70% in all host/pathogen cornbinations.

DISCUSSION

The present study describes stages of infection of Mlo-resistant and non-resisiant barley
by aggressive and non-aggressive powdery mildew. This is required in order to
understand the mode of action of Mlo aggressiveness, and to extend our understanding
of the effect of Mlo resistance, which recently has become a major source of resistance
in European spring barley.

The first stage in the infection, the infection frequency, was between 35 and 45 in
all cell types of the susceptible barley line. In contrast to some other studies (e.g.
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Andersen & Torp 1986; Jørgensen & Mortensen 1977; Koga et al. 1990), we did not
find differences in susceptibility between different epidermal cell types. It is aften found
that subsidiary cells are very susceptible, short cells are less so, and long cells are the
least susceptible, estimated as the percentage conidia that form haustoria in these cells
and subsequently elongating secondary hyphae (ESH). The effcct of Mlo resistance is
virtually complete resistance of long epidermal cells (Tab le I) and a high leve I of
resistance of short cells that together constitute nearly 95% of the leaf area. Only the
subsidiary cells show relatively frequent infections, close to I%. This falls in line with
the observation that cell-wall appositions are formed infrequently in subsidiary cells
(Skou 1985) probably because these cells have a unique physiology and flexible cell
walls that enable them to open and close the stomata. The M lo-aggressive isolate differs
from the non-aggressive one primarily in its ability to successfully infect long epidermal
cells; the aggressive isolate is about I 000 times more effective than the non-aggressive
one. A simple, but rather laborius screening method for Mlo aggressiveness of powdery
mildew isolates may be to assess the frequency of infections in long epidermal cells.
Averaged over the entire leaf (Ta ble I) the Mia-aggressive isolate has an infection
frequency close to 4%, a value thai is about 10% that in cornpatible interactions.

The latent period is the phenotypic expression of the degree of success of the
numerous secondary, tertiary and subsequent infection auernpts, and the resulting
amount and density of mycelium, conidiophores, and conidia produced. The substan
tially prolonged latent period of ordinary powdery mildcw on Mlo-resistant barley re
flects the delay in these processes. The less prolonged latent period for the Mia-aggres
sive isolate is an expression of its higher success rate of infection.

The relative data on clisease efficiency (Ta ble I) are close to those on infection fre
quency but with an overall reduction to about 70% in numerical values as described
above.

We also attempted to assess colony size and spore production in the present and a
subsequent experiment, but due mainly to technical obstacles most data turned out to be
worthless. The data suggested, however, that neither of these two parameters is
applicable for easily assessing grades of Mlo aggressiveness among many isolates.
Furthermore, the spore production of the non-aggressive isolate on Mlo-resistant barley
was very low, and that of the aggressive isolate so high that it can easily maintain itself
on seedlings of Mlo-resistant barley provided that the spores produced are utilized
effectively as inoculum, and under the given environmental conditions. Some of the
data presented are slightly or somewhat lower than expected (Schwarzbach, pers.
comm.) from the Mlo-aggressive powdery mildew isolate 'HL 3/5'. We purified our
sample of 'HL 3/5' at the end of the experiments by isolating and aggressiveness-testing
single-spore isolates. Only small variations were found. Therefore, we conclude that our
data are representative for isolate 'I-IL 3/5' with perhaps very small admixture of non
aggressive mildew.

The issue of whether the Mlo-aggressive isolate has a reduced fitness when growing
on susceptible barley is not resolved by the present experiments. The aggressive isolate
has a statistically insignificantly reduced infection frequency and disease efficiency
(Table I). When addcd to former data (Jørgensen 1984; Keiler & Mendgen 1984) it
appears that this aggressive isolate may have a slightly reduced fitness on non-Mlo
resistant barley. This issue is important because the fitness of Mlo-aggressive mildew on
non-Mlo barley may play an important role when/if Mlo aggressiveness arises and
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spreads in natura! powdery milctew populations in a region where Mlo- resistant and
non-Mlo-resistant barley crops are grown intermixed.

The results from the present and similar studies were derived in the laboratory
under environmental conditions optimal for growth and reproctuction of powdery
mildew on the first true leaf of barley seedlings. Caution must therefore be exercised
when using such data to predict the behaviour of this host-pathogen system under field
conditions where the environmental conditions are less favourable for powdery mildew
and where the host tissue is a less favourable substrate for the fungus. The present
results indicate that a substantial increase in Mlo aggressiveness is required for powdery
mildew to be able to survive and maintain itself on Mlo-resistant barley seedlings. We
anticipate that a leve! of aggressiveness close to that of isolate 'HL 3/5' is required
under field conditions. This level of aggressiveness is unlikely to be attainect by a single
step mutation (Jørgensen 1987), and experimental results suggest that Mlo aggres
siveness of isolate 'HL 3/5' is conferred by several or many additively acting genes
(Schwarzbach 1979; Andersen 1991). The accumulation of Mlo aggressiveness in natura!
powdery milctew populations is therefore likely to occur via repeatect cycles of selection
for aggressiveness on Mlo-resistant barley followed by maintenance and multiplication
of the selected subpopulation on non-Mlo-resistant barley, from where it serves as
inoculum for Mlo-resistant barley. This anticipated process is a mirror image of the
process Schwarbach (1979) used to select isolate 'HL 3/5'. During the first 15 cycles of
selection, the subpopulations selected by the Mlo-resistant barley line had to be
multiplied on non-Mlo-resistant barley in order to maintain it.

Given the above assumptions, we may predict that the evolution of Mlo aggres
siveness to self-sustenance on Mlo-resistant barley under field conditions will require on
the order of 40 successive cycles of selection on Mlo-resistant barley intermitted by mul
tiplication on non-Mlo-resistant barley. If Mlo aggressiveness is associated with fitness
reduction when growing on non-Mlo-resistant barley, more cycles are required. Finally,
if aggressiveness of a natura! powdery mildew population evolves to self-sustenance, i.e.
like that of isolate 'HL 3/5', the amount of disease incited will be on the order of 10%
of that incited in compatible interactions. This is deduced from the estimates of relative
disease efficiency (Table I). In conclusion, the Mlo resistance in barley to powdery
mildew appears to be a very durable one. lf, however, Mlo-resistant spring- and winter
barley varieties are grown extensively, it is likeley that the powdery mildew will slowly
bul steadily evolve increased aggressiveness and gradually cause diseasc that may
approach the threshold leve! for crop losses.
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In order to evaluate the effects of the herbicide isoproturon on the severity
of powdery mildew (Erysiphe graminis DC.:Fr.) disease under Danish cli
matic conditions, field trials were conducted in 1989 and 1990 in spring bar
ley and in the 1989/90 growing season in winter wheat. In spring barley, the
herbicide was applied at the recomrnended dosage, and in winter wheat at
six dosage levels ranging from 0 to 2 times the recomrnended dosage. In 1989
the herbicide application had no effert on the scvcrity of powdcry m i ldew
on barley. In ICJ90, however, a significant increase in the powdery mildew
severity was observed of leaf nurnhcrs 2---l. In winter wheat, an increascd
dosagc of isoproturon strongly increased the severity of powdery mildew
after car ernergence.

Key words: Disease, epidcrn ic, Erysiptu- grurninis .

Erik Kuyse, Tite Royal Vcterinary and Agriculturul University, Dcpartment of
Plant Biology, Plunt Pathology Scction, Agrovc] JO, DK-2630 Tåstrup,
Dcnmurk.

The powdery mildew fungus (Erysiphe graminis DC.:Fr.) is a biotrophic pathogen and
is therefore dependent on a living host throughout its life cycle. Cultural practices
which change the growing conditions and the vigour of crop plants may therefore
change the conditions for the fungus and thereby change the rate of reproduction. It
has been demonstrated that application of herbicides normally applied to soil or plants
to control weeds alters the resistance of a crop to fungal diseases (Altman & Campbell
1977; Katan & Eshel 1972). In German investigations it has been shown that the use of
urea- and triazine herbicides can significantly increase the severity of powdery mildew
in wheat, white other groups of herbicides appear to have no effect (Ibenthal &
Heitefuss 1979a). The effect of the herbicide application on the severity of the powdery
mildew attack is ascribed to physiological changes in the host plants (!benthal &
Heitefoss 1979b}. The physiological response is divided into two phases: first there is the
shock phase, following immediately after the herbicide application, in which the plants
are more resistant to infection by powdery mildew than the untreated control plants.
Later in the growing season, the shock phase is replaced by a "recovery phase", where
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the treated host plants are more susceptible to powdery mildew infection than the un
treated control plants (!benthal & Heitefuss 1979a, h).

The use of one cultural practice (herbicide application) may therefore create the
need for another cultural practice (fungicide application), thereby increasing the use of
chemicals in agriculturc. It is therefore important to widen our knowledge of the side
effects of herbicides in order to reduce the use of chemicals.

Thus, in order to investigate whcther the use of the urea herbicide isoproturon has
an influence on the severity of powdery mildew in grain crops under Danish climatic
conditions, and to discover to what extent the effect is dependent on the herbicide do
sage, field trials were conducted in spring barley and winter wheat.

MATERIALS AND METI IODS

Experimental methods
Field experiments were conducted at the Research Station of the Agricultural University
of Copenhagen, which is located at Zealand.

A complete randomized block design with six rcplications per treatment was utilized
with 1.5 x I 0.0 m. ( 15 sq.m.) plots. All plots were separated with guard plots of spring
wheat in the barley trials and with winter harley in the winter wheat trial in order to
avoid interplot interference. All plots were hand-weeded to avoid differences in the
microclimate between the treatments.

The spring barlcy cultivar Corgi, which is susceptible to powdery mildew under
Danish conditions and relatively resistant to leaf rust, was used in both years. In 1989
the experiment was sown on 3 April and nitrogen was supplied at 80 kg N/ha as calcium
ammonium nitrate (kas) on 28 April. The herbicide was applied at the recommended
dosage ( 1.0 kg a.i./ha) on 25 May. In 1990 the expcrimcnt was sown on 28 March and
nitrogen was supplied on 26 April with 100 kg N/ha and the herbicide at the recorn
mended dosage on I O May.

The winter wheat cultivar Citadel was sown on 21 September 1989 and nitrogen
applied at a rate of 120 kg N/ha (kas) on 6 April. The herbicide isoproturon was applied
at six increasing dosages ranging from zero to two times the recornrnended dosage ( 1.26
kg a.i./ha) on 2 April.

Data collection and analysis
Spring barlcy
Five times during the growing season 1989, 20 tillers in each plot were collected
randomly and the severety of powdery mildew was assessed by counting the number of
powdery mildew colonies on the four uppermost leaves on each tiller. In 1990 the
disease levcl was high, and the degree of severity was determined by estimating the
proportion of diseased leaf area on leaf numbers 2-4, and by counting the number of
powdery mildew colonies on the uppermost leaf (leaf I) five times during the growing
season. For the last assessment, leaf number one equalled the flagleaf. In both years,
data from the individual tillers were poolect and analysed by the Area Under Disease
Progress Curve (AUDPC) as described by Shaner & Finney (1977). Grain yield (15%
water content) and thousand grain weight were determined.
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I
Winter wheat
Twenty tillers per plot were collected randomly six times during the growing season and
the number of powdery rnildew colonies were counted on the four upperrnost leaves.
The flagleaf was included from the third assessment date. Data were pooled and
analysed with an analysis of variance for the individual assessment dates. Grain yield
and thousand grain weight were determined.

RESULTS AND DISCUSSION

Spring barley
In 1989 the isoproturon treatment had no significant effect on the severity of powdery
mildew estimated by counting the nurnber of colonies during the growing season (Table
1). In 1990 the leve! of severity on leaves 2-4 was significantly greater in the treated
plots compared with that in the untreated control. ·r he slightly increased disease leve!
on leaf I was not significantly different from that on the untreated control plots (Table
1). The increased disease severity did not affect the grain yield and thousand grain
weight.

The present results indicate that the use of the herbicide isoproturon in spring bar
ley under certain conditions may have the effect of increasing the powdery mildew
severety, but whether the effect is of any practical importance is still an open question.
There have been no other reports on the impact of isoproturon on the severity of pow
dery mildew in spring barley.

l!J!N leaves 1-4

l•J•Jl) lcaf I
leaves 2-4

Control

8203

4370
11175

Isop rot u ron

7~18

5115
18')8

I.SD 5%

IIJ2

Tahle I. Area Under Disease Pro
grc,s Cu rve (AUDPC) for powdery
mildew disease after treatment with
1 he herbicide i soprot u ron in field
trials for the spring barley variery
Curgy .Juring IIJ81J and l!JIJO

Winter wheat
The effect of increasing the dosage of the herbicide isoproturon on the average number
of powdery mildew colonies from 7 May to n June is presented in Fig. 1.

The powdery mildew levels in the different treatments were almost the same up to
ear emergence on 21 May, after which a pronounced effect was seen. The drop in num
ber of powdery mildew colonies after 14 May is due to a change in leaf numbers. After
this date leaf I is the flagleaf.

A clear dosage response pattern can be seen. The highest dosage (twice the normal)
resulted in more than five times as much powdery mildew as in the untreated control
plots on 29 May and 6 June. Dosaged giving a significantly highcr leve! of disease than
the untreated control are indicated in Table 2.
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Fig. I. Average n u rnbcr of rni ldew colonies on
the four upper leaves in a licld trial with the
winter whcat var iety Citadcl rreated wit h 0,
0.25, 0.5, r.n, 1.5 and 2.0 times the normal
dosage (N) of the herbicide isoproturon (N =
1.25 kg a.i.zha) on 2 April
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Table 2. Dusages of
the herbicide is
oprot u ron givinga
signilicantly higher
leve! of disease
than the untreated
control in wi n ter
wheat expressed as
l.SD_95 at the dif
ferent assessment
da tes

Dosage

7 May 14 May 21 May

2

29 May

I'l
2

6 June

I•I
I½
2

13 June

I{
2

Assessrnent date

In winter wheat the increased disease severity after ear emergence is in accordance with
German results. Thus, lbenthal & 1-leitefuss (I979a) ascribed the response toa physio
logical change (recovery phase) in the host plant due to the herbicide treatment.
However, no shock phase was observed in the present study. This may partly be due to
the relatively low disease severity in the trial, and partly an issue of the time between
the first appearance of powdery mildew and the spraying time. Jf the herbicide app
lication takes place around the first powdery mildew appearance, the direct fungitoxic
effect of the herbicide isoproturon, as clemonstrated by Kaysø & Munk (unpubl.) in
greenhouse trials, may be responsible for a decreased disease severity in the first part of
the growing season.

It was observecl that the highest closage of the herbicide kept the upper parts of the
wheat plants somewhat greener than those of the control plants at the end of the
growing season. This "greening effect" may to sorne extent account for the increased
clisease severity. The "greening effect" is described hy !benthal & Heitefuss (1979b),
who, in greenhouse trials with spring wheat, dcmonstrated that the rate of senescence
was delayed after herbicide treatment.

The treatment with the herbicide isoproturon had no cffect on the thousand grain
weight, but the yield was slightly affected by the herbicide treatment (Table 3). The
highest dosage caused a significant reduction in the yield. The reduction in yield does
not reflect cultural practice since all the plots were hand-weeded, and an increase in
yield due to removal of competition from the weeds was eliminated.
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Dosage

Tgw (g)
Yield hkg/ha

(I

)<J.J
Sil.Il

.llJ.O
57.'J

31J. I
57.2

N1) X

JIJ. I
5h.3

I½

.18.2
5'1.8

2

38.2
50.0

Table 3. Grain yield
(hkg/ha) and ihousand
grain weight in ficld
tr ials in the wintcr wheat
variety Citadel ll/8lJ/lJ0
ireated with increasing
dusages of the herbicide
isoproturon. Dosage mul
tuplied by the recum
mended dosage ( 1.25 kg
a.i./ha)

1>: N = 1.25 kg a.i.zha I.SD,Js Yield = 4.30

In the same winter wheat trial the side-effects on aphids (Sitobion avenae,
Rhopalosiphum padi and Metopolophlum dirhodunn were recorded on 28 June in the
plots treated with 0, I and 2 times the recommended dosage (N). It was found that the
herbicide treatments at I and 2 times N significantly increased the number of aphids. In
spring barley, however, where samples were taken during the entire growing season, it
was found that there was no effect on the number of aphids (Kristiansen, pers. comm.).

The present investigations were carried out in one variety of spring barley and
winter wheat, and the effect from herbicide treatment was much more pronounced in
winter wheat than in spring barley for both powdery mildew and aphids. It is not
known, however, whether different varieties of spring barley exhibit specific reactions to
the herbicide treatment, as has been demonstrated for winter wheat (Kuhlmann &
Heitefuss 1987).

CONCLUSION

This is the first report on the impact of herbicides on powdery mildew in spring barley
and winter wheat in Denmark. In the first year of field experiments, no effects were
found in spring barley. However, during the subsequent year an increase in the severity
of powdery mildew on leaves 2-4 was recorded. The present results in spring barley
therefore indicate that using the urea herbicide isoproturon under certain conditions
may increase the severity of powdery mildcw in barley, but further investigations are
required.

In winter wheat, the present results from a single season are in accordance with
field trials carried out in Germany. It is therefore likely that the side-effects from urea
herbicides reported from Germany in winter whcat are valid and of practical
importance under Danish climatic conditions. Further research in this subject is needed
and forms a natura! element in the ongoing debate about sustainable agriculture.
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The results from artilicial field inoculation of breeding material of spring
wheat with S. nodorum during 1')88-lJ() revealed surne variutions in resis
tance between lines, while the commercial c ult ivars were medium resistaru.
One short line was alrnost as resistarn as the raller and later Cl 1241l3 line
and a fcw lines had a resistance levet somewhcre between this and the culti
vars. One-third of the lines were signilicantly more susce ptihle than the
most resistaru cu lrivar. Sclectiun fur rexista nce with this [ield testing rne
thod should make it possible IU increase t he leve! of rcsisranc« in our hree
ding popularion of wheat.

Key words: Glu rne blotch , inoculatiun, Triticum <1,·s1iv11111.

Olci] N. E!t:11, Norwegian Plant Protcction tnstiuuc . l>t:p<1r1111c111 uf ,,1<1111
Pathology, Fellesbygget, N-1432 Ås, Norway

Septoria nodorum (Berk.) Berk. (Leptospacria 11odom111 E. Muller) isa scrious pathogcn
on wheat (Triucum aestivum L.) in many parts of the world. In Norway the pathogen
occurs frequently, and in rainy summers wheat may suffer heavy attacks of the fungus.
For sorne time now Norwegian wheat breeders have placed great emphasis on resistance
to S. nodorum in their breeding programmes. Thus, cultivars like Runar have some
resistance to the fungus but not enough to sustai n a heavy d isease pressure. Elen ( 1981)
showed that when Runar was treated with fungicides in a year with heavy attacks, the
yield reduction on untreated plots was 39% ( 1790 kg/ha).

Previously, the breeders relied on natura! infection, bul occasionally there could be
a dry period lasting several consecutive years, e.g. the dry 1970s when there was no di
sease development in the field. The breeding line, T 69027, was almost released as a
new cultivar when we had two rainy summers in 1979 and 1980. According to Strande
( 1981 ), 37% of the leaf area of this cultivar was attacked in 1980, while the corres
ponding value of Runar was 9%. The yield of T 69027 was 19% lower than that of
Runar for the same year, while during the previous dry years, T 69027 had exceeded
Runar by I0to 15%.
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MATERIALS AND METHODS

In the first, second and third years of a field study, 225, 121 and 144 spring wheat
breeding lines and cultivars respectively, including Cl 12463 (Coastal) and the four
cultivars Runar, Reno, Bastinn, and Tjalve, were sown in a lattice design with three
replicates. Most of the breeding lines were different from year to year. In 1988 and
1989 each plot comprised a single row with 25 cm between rows, and in 1990 a hill plot
with 30 cm between hills. In the first year the plots were inoculated by sprayinga spore
suspension (10/J spores ml+) on the leaves and the heads just after ear emergence and
then irrigated for 24 h with an intensity of about I mm h-I. In the Inst two years the
inoculum consisted of infected straw from the previous year. The inoculum was spread
at the 3-4 leaf stage and the field was irrigated one day a week in the dry periods.

The disease severity wus assessed as a percentage of the area on the upper two
leaves between growth stage 60 and 70 and on the spike at about stage 85 (coding by
Zadoks et al. 1974). In 1989 the straw length was measured. Each year an analysis of
variance was performed for all the lines. In the third year the menns from 27 cultivars
and lines comrnon for the three years were combined for an analysis of variance with
the years as replicates.

RESULTS AND DISCUSSION

After inoculation with straw, the disease developed at a very early stage on the lower
leaves and then spread upwards during the summer. In contrast, inoculation by spraying
reached both leaves and heads at the same time, and the disease developed only at the
later stages. It was not possible to detect any great differences between the methods late
in the season, perhaps partly because of the small plot size. lf the plots had been larger,
differences in resistance could perhaps have been easier to detect even between years.

The analysis of variance revealed statistically highly significant differences between
lines every year. However, this was partly due to the high number of lines and thus the
number of degrees of freedom. The margin of error was quite large and the LSDs%
values varied from about 50% to 135% of the means (Table I), making it possible to
detect only very large differences in resistance between lines.

Table I. Means of perceruage of leaf and
spike area infected by o. nodorum on all
tesred lines and cultivars. LSl)5% valucs
in parentheses ( )

I .eaves
Spikes

11/88

34 (24)
3/J (20)

llJ8l)

35 ( 18)
Il/ ( 15)

ll/l/0

18 ( 13)
14 (Il/)

The average attack of S. nodorum on the 27 cultivars and lines tested in all three years
is indicated in Table 2. The three-year average did not greatly reduce LSD and the
values were between 15.5 and 16.3. l lowever, the means over three years should give a
more accurate estirnate of the resistance than results from a single year. The wide
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vanation between years may be due to an interaction between lines and years, but the
experimental design did not permit statistical analyses which could clarify this point.

Tahle 2. Average auack of S. nodorum on
Cultivar/ % on Straw some cultivars and lines 1988, 1989, and
line leaves spi kcs lcngth I1/IJO and straw length 1989

cm-
Runar 35 )(l 71
Reno 21 2J 72
Bastian 21 29 h4
Tjalve 25 24 59
T402J 24 27 M
Yo281J-7 I 17 14 81
YoTI04I3-79 )I) 22 8~
Cl I24h3 7 I 87
T804I 10 5 53
TIOIS 31 15 59
T5038 40 22 60
'17010 l'J I') ot,
TIOl5 2X 2'J (12
TI03I )1) 19 (17
17034 35 35 1>5
17042 13 11 1>7
T8008 45 27 59
T8011> 41 2') 61
T80I8 40 J3 72
T802I 38 33 58
'1'8022 47 34 57
T8024 42 44 58
1'8026 30 18 62
T8027 29 19 67
T8036 49 19 57
TX046 36 27 60
Tl4S-9I0 18 IS X3

LSDs% l(>.3 15.S

Among the cultivars, Runar was the most susceptible on the leaves, while Bastian was
the most susceptible on the spikes. On the other hand, Runar was the most resistant on
the spikes and Reno and Bastian on the leaves. There were not, however, any significant
differences between the cultivars. Cl 12463, T8041, T7042, Yo289-71, and Tl45-910
were significantly more resistant on the leaves than the most susceptible cultivar and the
first three lines mentioned were also more resistant on the spikes. Examination of most
of the other breeding lines indicates that there has been little actvance in resistance com
pared with the cultivars. Moreover, nine lines were significantly inferior in resistance
compared with the most resistant cultivars.

T 8041 had a remarkably high leve! of resistance both on leaves and on spikes,
despite its being the shortest line. Cl 12463 was the most resistant line, and it was also
very tall and late, so this may partly explain its resistance. Karjalainen (1985), too,
found that Cl 12463 was the most resistant bread wheat in an investigation of resistance
to S. nodorum in Finland. He also found that Runar had a fairly good leaf resistance
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compared with that of the Finnish cultivars and lines. Although Runar did not have a
good leaf resistance in the present investigation, several lines were considerably more
susceptible, so Runar seems to have sorne leaf resistance to S. nodorum.

There is sufficient variation in resistance to S. nodorum in Norwegian spring wheat
for it to be utilized in wheat breeding. lnoculation and irrigation of the plants in the
field will permit a harder selection for resistance to this pathogen. The most susceptible
lines will be eliminated and the wheat population will becorne more resistant, which
again will lead to more resistant lines in later generations.
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Fungi constitute the largest and economically most importent group of plant pathogens
in northern Europe. However, the precise mechanisms by which fungal pathogens cause
disease are poorly undcrstood. The putalive role of cell-wall degrading enzymes, such as
pectinases and toxins, as pathogenicity factors has aften been demonstrated (Yoder &
Turgeon 1985), but we still Jack genetic evidence. Detailed understanding of the
mechanisms behind the disease process is of primary importance in trying to develop
novel ways of disease control against such pathogens as certain forest fungi, which are
extremely difficult to control by available strategies. Elucidating the genetic weakness of
the pathogen may he an important component of future disease control.

Recent advances in recombinant DNA techniques have given considerable hope that
the application of these new tools will lead to a more thorough understanding of the
pathogenic nature of phytopathogenic fungi (Leong & Holden 1989; Timberlake &
Marshall 1989). Some progress has already becn made in cloning genes encocling
putative pathogenicity factors. For examplc, Suliday at al. ( 1984) isolated a cutinase
gene, Weltring et al. ( 1988) cloned the pisatin detoxification gene, and the pectinase
gene was also recently cloned (Dean & Timberlake 1989). Two groups have isolated
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mating type genes from a maize pathogen (Kronstadt & Leong 1989; Schultz et al.
1990). A putative avirulence gene was also recently isolated from Fu/via [ulva (Van Kan
et al. 1991 ). The potential rote of isolatecl genes as important cornponents in plant
fungal interaction requires that the cloned gene can be reintroduced at a desired
location of a given fungal strain by transformation. DNA-medialed transformation thus
plays a crucial rote in the progress of understanding the rnolecular basis of fungal
pathogenicity to plants. In this article, we review the recent advances in the
development of DNA-transformation of phytopathogenic fungi with special examples of
transforming a barley pathogen, Bipolaris sorokiniana.

SELECTABLE TRANSFORMATION MARKERS

Transformation of a phytopathogenic fungus was first reported i 1985 (Turgeon et al.
1985). Today DNA-rnediated transfonnation is possible for more than ten genera of
phytopathogenic fungi (Table 1 ). The basic requirement for a successful transformation
is a selectable marker, which enables the selection of putalive transformants from the
background of non-transformed cells. A variety of selection systems are currently used.
One of the most common markers can be found in the strains that carry a nutritional
auxotrophy that can be rescued by complementation with a corresponcling cloned gene.
For example, Ballance et al. (1983) used the N. crassa Pyr-./ gene to complement an A.
nidulans PyrG mutation. In a similar way an Arg B mutant of the rice pathogen Pyri
cularia oryzea was complemented by the plasmid pMA2, which carried the A. nidulans
ArgB gene that encodes ornithine carbomoyl transferase (Parson & al. 1987). However,
this kind of transformation is limited in transforming plant pathogenic fungi because
suitable auxotrophic mutant strains do not widely exist, and making mutants for every
isolate to be transformed is a laborious task. Therefore gene vectors that do not require
corresponcling mutant strains are desireable in transforming phytopathogenic fungi.

The anulS gene has been cloned from A. nidulans, which codes for acetarnide
(Hynes 1986), which degrades acetarnide to acetate and ammonia. This gene allows
fungi to grow on a medium with acetarnide as the sole nitrogen source. The anuiS gene
has been used to select transformants of some phytopathogenic fungi (Turgeon et al.
1985). However, although this selection marker is suitable for sorne filamentous fungi
(Hynes 1986; Penttila et al. 1987), it is not attractive to phytopathogenic fungi because
their unclear backgrounds make selection of transformants difficult.

Resistance to the fungicide benomyl can be based on a single mutation, and its tar
get molecule is P-tubulin (Orbach et al. 1986). The mutated P-tubulin gene is capable
of transforming wild-type N. crassa cells to a resistant phenotype (Orbach et al. 1986).
Gene vectors based on benomyl resistance have also heen used to transform fungal
plant pathogens, Colloto1richum graminicola and Gaeumannomyces graminis, but in
both cases transformation frequency remained low (I-lenson et al. 1988; Panaccione et
al. 1988). One way to improve transformation frequency in this system is to clone the
own P-tubulin gene of the fungus by using conservative regions of heterologous P
tubulin genes as probes for screening libraries.

The most versatile selectio11 markers in fungal transformation today are dominant
antibiotic and drug markers, end especially plasmid vectors containing the hydromycin
resistance gene fused to fungal promoters (Wang & Leong 1989). I lygrornycin is an
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Table I. Selectable mar kers used for transformation of phytopathogenic fungi

Fungus

Magnaponhe grisea
(Pyricularia oryzae)
Nectria haematococca
iFusurium solani f. sp, pisi)
Ustitago maydis
(Phunerochocte chrysosporium'[

Fusarium oxysporum

Cochliobolus hcterostrophus

Gaeumannomyccs gruminis
Collctotrichum trifolii
Colletotrichum gruminicolu

Leptosphaeria muculans
Cochliobolus hcterostrophus
Fu/via fulva
Colletotrichum lindemuthianum
Septoria nodorum
Fusarium oxysporum.
Ustilago maydis
Ustilago hordel
Ustilugo nigra
Cryphoncctria parasuica
Magnaporthe grisea
Alternaria alternatu
Ophiostoma ulmi

Selectable
marker

Mutants
ArgB

ArgB

Pyr-3

Ade2
nia I)

Acetamide
amdS

Fungicide
resistance
benR
benR
bcnR

llygromycin B
rcsistancc
hygBK
hygBR
hygUR
hygUR
hygBR
hygl:lR
hygBK
hygl:lK
hygBR
hygl:lK
hygBK
hygl::IR
hygl:lK

Reference

Parsons & al. 1987

Rambosek & Leach 11/87

Banks & Taylor 11/88

Alic et al. 11181/
Malardier et al 19!l'J

Turgeon et al. 1985

l-lenson et al. 11/88
Dickman 11188
Panaccionc et al. IIJ88

Farman & Olivcr 1987
Turgeon et al. 1987
Olivcr et al. 1987
Roder iquez & YCK!cr 1987
Coolcy et al. 1988
Kistler & Benny 1988
Wang el al. 1988
Holden et al. 11)88
Holden et al. 1988
Churchill et al. 191J0
L.cung el al. IIJIJ0
Tsuge et al. 1990
Royer et al. I(){) I

aminoglycoside antibiotic that inhibits protein synthesis in procaryotes and eucaryotes
by interfering with translocation and causing misreading. HygH resistance genes have
been cloned from Strcptomyces hygruscopicus and E. co/i. The gene coding for hygro
mycin 8 phosphotransferase, inactivates the antibiotic by phosphorylation. The major
advantage of using hygromycin 8 resistance as a selectable marker is that it is suitable
for genetically poorly charcterized fungi, and the basic requirement is that the fungal
isolate to be transformed is sensitive to hygromycin. Several gene vectors are now avail
able to be used for hygromycin [3 resistance based transformation, and evidence suggests
that promoter elements from Aspcrgillus function well in various phytopathogenic fun
gi. Recently, a number of pathogenic fungi have been transformed using a variety of
fungal vectors containing hygromycin B resistance (Table I), but it seems that certain
basidiomyces are difficult to transform by this system. An alternative dominant anti
biotic marker for these fungi might be vectors based on bleomycin and pleomycin
resistance (Austin et al. 1990).
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GENE VECTORS

Plasrnid vectors contammg a selectahle marker are most often used in fungal trans
formation, bul cosrnid vectors which uccept large inserts (about 40 kb) are also available
(e.g. pAN-7-2). The advantage of using cosrnid vectors is that the large size of inserts
perrnits the size of nearly complcte genomic library to be relatively small, which makes
it easier to find the right dones compared with plasmid-based libraries. Both plasrnids
and cosmids are typical derivates of pBR plasmids and contain bacterial origins of
replication and antibiotic resistance rnarkers, which make them easy to be amplified and
manipulated in E. co/i. Lifficient expression of antibiotic markers in fungal transfor
mation aften requires that the marker gene is incorporatcd into a fungal transcriptional
pramoter (Wang & Leong 1989). l-or exarnple, Wang et al. ( 1988) constructed a select
able marker system for Ustilago maydis transformation by transcriptional fusion of the
coding region of the gene for E. co/i hygromycin B with a U. maydis hsp 70 gene pra
moter. Later, Tsukuda et al. ( 1988) modified this vector (pl ILi) by inserting auto
nomously replicating sequences (ARS) from the U. maydis genome into pl-ILi to
generate a new vector pcM4J, which self-replicates in fungal cells and yields a very high
transformation frequency. A sirnilar strategy was used by Sarune & Leong ( 1989) when
the vector pTR I was constructed by incorporating a J-linlllll fragment with a terminal
inverted repeat ( 121 I bp) from the linear plasmid from Fusarium solani f. sp. cucurbitae
into a unique flindlll site adjacent to the hygromycin B gene of the integrative Ustilago
vector. With this vector, a 2I-fold transformation increase was achieved compared with
the vector lacking this additional 1211 bp fragment from Fusariurn.

Fungal promoters wcre functionally sclected by Turgeon et al. ( 1987) when they
ligared DNA-fragments from Cochliobolus hcterostrophus to the 5' end of the E. co/i
hygB gene, and DNA fragments capable of directing the exprcssion of the fused gene
werc isolated. Howevcr, it seems evident that especially vectors that fuse Aspergillus
prornoters with the hyg/J gene cfficiently express resistance to hygromycin B in many
phytopathogenic fungi (Tablc 1 ), indicating that heterologous expression signals may be
widely used in fungal transformation. Our experience in transforming the barley
pathogen Ripolaris soroki11iana suggests that promoters from Aspcrgillus function more
efficiently than promotcrs from rclated Coclzlibolus fungi. Today, vectors that are
widely used in fungal transformation are pAN-7- 1 and pDH-25 which con ta in the hygB
gene whose expression is controlled by A. niduland gpd and trpC expression signals
(Punt et al. 1987; Kistler & Benny 1988).

FACTORS AFFECTING TRANSFORMATION FREQUENCY

The basic requirement for DNA-mediated transforrnation is that fungal cells are capable
of taking up exogenous DNA In phytopathogenic fungi, this competence is usually
achieved by rernoving cell walls. They are usually digested with the enzyme Novozyme
234, which is a hydrolytic enzyme mixture secreted by the filamentous fungus Triclzo
derma harzianum. The concentration of Novozyme needed and the incuhation time vary
widcly among fungi. For example, it takes about two hours at J0°C (Fig. I) to digest
the cell walls of Hipolaris sorokiniana and Drechslera tcres, while it takes two days to
digest the cell walls of 1/eterobasidion annosum, a forest fungus.
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Fig. I. l'rotuplasts of Hipolaris soro
kiniuna releases from young rnyce
liurn after incubation with Novozyrne
2J4 at Jll°C for two hou rs

In a few cases DNA is also introduced into osmotically sensitive cells by electroporation
and particle bombardmcnt (e.g. Timberlake & Marshall 1989; Wang & Leong 1989), but
so far these methods do not appear to be as suitahle for fungal as for plant trans
formation.

Several factors affect transformation efficiency, e.g. protoplast quality and incuba
tion temperature of the DNA protoplast mixture (Kistler & Benny 1988; Specht et al.
1988). The concentration and quality of polyethylene glycol and the conccntration of
CaCl2, polyamines, spermine, and spermamide are also important parameters affecting
transformation (Dickman 1988; Kistler & Benny 1988). The quality of vector DNA and
its linearization have a strong influence on transformation (Wang et al. 1988). When
optimizing transformation strategies for barley pathogens, we found that the optimal
timing of adding the selectable agent hygromycin to medium was a critical factor. We
achieved the best results when hygromycin was added 24-48 h after plating protoplast
DNA solution on regeneration medium (Fig. 2).

In general, transformation frequency is low, 5-200/µg DNA I lowcver, it has been
considerably improved by protocol modifications and vector construction (Wang et al.
1988; Specht et al. 1988; Churchill et al. 1990; Royer et al. 1991). For example, Royer
et al. ( 1991) recently described an efficient transformation system for the forest patho
gen Ophiostoma ulmi, in which protoplast regeneration was optimized using the
linearization of the best vector and inclusion of 2-mercaptoethanol in the transfer
mation reaction. This yielded 4 x 10> transformants/µg DNNI07 protoplasts.
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Fig. 2. Growth of transformants of
B. sorokiniana on hygromycin
containing medium. Wild-type iso
late in the middle

Two types of transformants are often recorded on a selective medium: those for
ming large colonies and those forming a large nurnber of small colonies. Large colonies
are stable transformants, while small colonies are an indication of transient expression
of vector DNA and are Usually not mitotically or meiotically stable. Analyses of trans
formants by Southern hybridization have revealcd that the integration of vector DNA
into fungal genomes is often random (Oliver et al. 1987; Kistler & Bcnny 1988; Leung
et al. 1990; Royer et al. 1991), but integraiton into single sites has also been observed
(Tsuge et al. 1990), when vectors containing homology to fungal genomic DNA are
used. The copy nurnber of plasmid vectors integrated into fungal genomes varies widely,
bul there is no clear correlation between the nurnber of copies and the resistance to
hygromycin (Wang et al. 1988; Le ung & al. 1990; Royer et al. 1991 ). Apparently the
site of integration is more important than the copy number of vector DNA in
determining the level of expression of a drug-resistant gene.

APPLICATION OF TRANSFORM/\TION TL~CI INOLOGY

Transfonnation technology offers an efficient strategy for cloning genes by cornple
mentation of mutants with a fungal genomic library. For example, Kronstadt & Leong
(1989) isolated the mating type allele of the b locus of U. maydis by transforming a
diploid strain homozygous for one b allele with a library of an isolate carrying a diffe
rent b allele. Scultz et al. (1990) cloned four b mating type alleles by complementation
strategy. So far, cloning by complementation is restricted to fungi where high frequency
transformation is available. Cosmid rescue was used hy Weltring et al. ( 1988) to clone
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the pisatin dimethylating ability (PDA) gene from Nectria haematococca. This was cio
ned by detecting its expression in A. nidulans. However, although limited success in
cloning fungal genes has been achieved, it appears that cloning relevant genes involved
in host-pathogen interactions is a relatively difficult task. For example, the best way so
far to clone genes encoding cell-wall degrading enzymes (e.g. cutinase, pectinases)
involves cDNA cloning using antibody and oligonucleotide screening of expression
libraries (Soliday et al. 1984; Dean & Timbcrlake 1989). It is anticipated that the novel
strategies of PCR technology and pulsed-Iield electrophoresis will help plant patholo
gists to speed up the cloning of important genes from phytopathogenic fungi.

Transformation technology provides an effective way of testing the putative role of
isolated genes in host-pathogen interactions. The PDA gene from N. haematococca was
recently isolated by Weltring et al. ( 1988), and when this DNA sequence was trans
formed into non-pathogenic strains of N. haetnatococca unable to demethylate pisatin, it
gave rise to transformants able to detoxify the phytoalexin and cause necrotic lesions on
pea, thus providing direct evidence for the pathogenicity determinant of PDA in this
fungus (Ciuffetti et al. 1988). The same PDA gene was also intriduced by
transformation into Cochliobolus heterostropnus, which is a maize pathogen.
Transformants that were obtained were able to attack pea leaves, a non-host for a maize
pathogen, indicating that the host range of the pathogen can be altered by
transformation of a single gene (Schåfer et al. 1988, 1989).

Recently the cutinase gene isolated from a pea pathogen, Fusarium solani f. sp. pisi
(Soliday et al. 1984), was transferred into the genome of the phytopathogenic fungus of
Mycospliaerella spp. that infects papaya fruits only if the fruit skin is mechanically
breached before inoculation. Transformants of this wound-rcquiring fungus infectcd
papaya fruits, and the specific role of the cutinase was verificd when rabbit antibodies
against the cutinase prevented infection. Van Kan et al. ( 1991) described the first piece
of evidence for the isolation of fungal avirulence gene from the phytopathogenic fungus
Fulvia [ulva. Transformation of the avirulence gene into Fu/via races that lack the
specific avirulence gene and testing host reactions of cultivars that carry corresponding
resistance genes will be important steps towards the belter understanding of the rolc of
avirulence genes in plant-pathogen interactions.

The current technology allows the cloning of fungal genes, and it also allows the
overexpression of cloned genes in fungal genomes because the gene can be used to a
strong fungal promotcr. In addition, specific alterations by gene disruption and gene
replacement provide an effective way critically to test the role of cloned genes in host
pathogen interactions (Kronstadt & Leong 1989; Scultz 1990). Transformation
technology may also have important applications for practical disease control. For
example, biocontrol strains may be improvcd by introducing genes encoding antifungal
compounds (chitinase, antibiotics, etc.) into antagonist strains. Modification of the target
pathogen by altering hypervirulence traits or manipulation of fungal age may also offer
effective strategies to control certain diseases.
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In Sweden common root rot of pea caused by the fungus Aphanomyces
eutciches is one of the most damaging diseases associated with intensive cul
tivation of peas, Pisum sauvum L. In this study 518 fields were found infec
red with the fungus. The fungus was found in 18 of 22 counties where samp
les were raken. In test studies 223 fields were randomly choscn from the im
portant pea-growing areas of Swcdcn and l(l of these, that is 7%, were shown
10 have such a high degree of infccrion that it would be inadvisable to grow
pcas in them. As much as a 51J0/r, yield reduction was observed in seriously
inlected fields. Var ietal differences in tolcrance were observed. The fungus
was found to cause a decrcase in protein content, and a decrease in
cookahility. Varictal differences in degree of affcction of protein con tent and
cookability wcre ubserved. The fungus was further found to rcducc the stalk
lcngth, thercby increasing the stal~ stiffness.

Key words: Aphunomyccs eutcu.hes, intcraction, l'isum sativum .

LG. Engquist, S\'Al.01: All, S-268 00 Svulov, Sw,:d,.:11

In 1989 the area under pea cultivation in Sweden comprised about 47,000 hectares. This
was divided among fadder peas (32,000 ha), cooking pens (5,000 ha), and freezing peas
(10,000 ha).

Common root rot of pea caused by Aphanomyccs euteiches is ane of the most dama
ging diseases found on farms with intensive cultivation of peas in Sweden (Olofsson
1963; Engqvist 1986).

The fungus is soilborne. The characteristic symptom of the disease is a watery rot
ting of the root system together with the presence of oospores of the fungus which are
found in the rootbark (Jones & Drechsler 1925; Stamps 1978).

This paper gives details of the incidence of common root rot infection of peas in
soil samples of potential pea fields in Sweden. It also reveals the reaction of some varie
ties when grown on healthy v. Aphanomyces root-rot-infected ficlds for the characters
yield, protein content, cookability, stalk length and stalk stiffness.

MATERIAL AND METHODS

Origin of soil samples
Soil samples were collected from two sources: the first being 223 fields from randomly
selected locations of officia( pea trials, while the second source comprised 626 fields
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mainly from pea-growers, who wanted to test their fields prior to sowing. All soil
indexes reported in this paper are greenhouse indexes.

Soil testing
Svalof AB operates a service in which soil from fields to be sown with peas can be
tested for presence of Aphanomyces euteiches befare sowing. A 6-1 soil sample (general
sample of 50 soil cores taken to ploughing depth representatively over the field or trial
area) is thoroughly mixed and divided into six new pols. These are then sown with 10
seeds each of a pea variety. Two pots each of the varieties Timo, Vreta, and Petra were
used in these investigations. (Wc are now using only Bodil.) The pots are placed on a
glasshouse bench at an air temperature of 25°C with 16 h light per day. Duringa 14-
day period, starting 10 days after sowing, heavy watering (double the normal) is carried
out. For the rest of the period, lighting and watering is kept at a normal level. After 30
days the plants are assessed for Aphanomyces eutciches root rot severity. The plants are
classified (Sherwood & Hagedorn 1958) into five disease classes: 0 == no disease, 1 ==
for water soakecl, light brown areas on roots, 2 = water soaked, light brown areas
confluent and more extensive but not involving the entire root system, tissue firm, 3 =
water soaking and browning involving all roots and epicotyl (stem above seed piece),
tissue soft but not collapsed, epicotyl not markedly shrivelled, 4 = water soaking,
browning decay involving all roots and epicotyl, cortex easily sloughed off, epicotyl
shrivelled, rotted. Microscopic identification of oospores is perforrned and only root rot
symptoms attributable to A. euteiches are graded. A clisease index indicating the number
of plants that fall into each disease class is calculated for each pot. The mean for the six
replicates is designated the greenhouse index of the soil sample. The index is calculated
in the following way: lndex == (p' x s') x 100/(4 x n) where p' == number of plants in
respective class, s' == disease class (0-4), n == total number of plants. An index of 0 ==
no disease, 100 == very severe disease, and intermediate values indicate intermediate
infection. At present the following advice is given when presenting the result: a field
that shows a greenhouse index between

- 0-30 can relatively safely be cultivated with peas
- 31-50 can with questionable safety be cultivated with peas
- 51-100 is regarded as dangerous. These fields should not be cultivated with peas.

lf peas have been grown within the past 5-6 years in a field with an index of J 1-50, then
they should no longer be grown in this field.

RESULTS

Occurrence of the fungus
The 1984-90 results of soil tests by Svalof AB presented in Table I indicate the
occurence of Aphanomyces root rot of peas. Samples were taken from fields which were
intencled to be sown with peas. Aphanomyces root rot was found in 37% of the soil
samples originating from the officia) pea trial locations. The fungus was found in 18 of
the counties where samples were taken.
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Table I. Results of soil tests for the presence of Aphanomyces root rot of pcas. Samples were collected in
fields to be used for pea cultivation, 1984-9()

Soil samples Soil samples Total No. of
from officia! mainly from no. of samples

County of trial locations pea-growers samples with
No. of No. of No. of No. of Aphanomyces
tests positive tests positive root rot

B Stockholm I() 6 6 2 lb 8
C Uppsala 15 4 35 32 50 36
D Sodermanland 13 IO 15 6 28 16
E Ostergotland 12 2 85 62 1)7 M
F Jonkoping 5 0 I I 6 I
G Kronoberg 1 0 I 0 2 0
H Kalmar 7 2 28 12 35 14
I Gotland 10 3 10 3
K 1:ilckinge 10 3 3 I 13 4
L Krist ianstad 26 8 h5 48 1/1 56
M Malmehus 42 16 150 118 IIJ2 134
N Halland 9 3 51> 44 o5 47
0 Goieborg & Bohus 8 I 5 3 13 4
P Alvsborg 9 I 47 34 56 35
R Skaraborg 7 3 li() 46 103 49
S Varmland 4 0 7 6 li b
T Orebro 14 b 7 5 21 li
U Vastrnanland IS 12 15 14 30 26
W Kopparberg I 0 I 0
X Gavleborg I 0 I 0
Y Vaster nor r land 2 2 3 2 5 4
AC Vasrerbouen 2 0 I 0 3 0

B-AC 223 82 h2h 43(> 849 518
(37%) (70%)

The frequency distribution of soil samples for degree of infection by the fungus is given
in Table 2. The degree of infection ranges from 0 to 100%. The 223 soil samples from
the officia! trial locations had an average green house index of I 0, white seven % of the
soil samples from the officia! trials had a greenhouse index which exceeded 50.

Table 2. Frequency distribution of soil samples fur dcgree or infcction by Aphanomyces euteiches,
Sweden, 1984-90

Degree of lnfection lndex
0 1-20 21-30 31-40 41-50 51-60 hl-70 71-90 91-100 Total no. Mean

Soil samples from oflicial trial locations county 13-AC
141 44 2 li I) 3 7 6 0 223 10

Soil samples mainly from pea-growers' lields county A-AC
(IX) 177 43 2h 43 29 40 h3 15 026 2h

Total no. of samples county 13-AC
331 221 45 37 52 32 47 (Jl) 15 849 22
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lnfluence on yield
The yield levels of the pea variety Timo are presented in Table J for trial grounds with
different degrees of infection by Aphanoniyces euteiches. In Iields with a high degree of
infection the yield loss can amount to 50% of the mean yield of uninfected fields.

Tablc 3. Peas: yicld or the var iety Timo on
trial grounds with different degrees of infec
tion of Aphanomyces cutcichcs, 1'185-lN

Mean
Aphanornyces

root rot
indcx

(J

23
77

No.
of

trials

1>5
34
li,

Seed yield
kg/ha

3410
3200
lti38

There are differences between varrettes in leve! of toleran,..:e to Aphanomyces root rot.
Among the marketed pea varieties used for dry pea production, the variety Bodil suffers
a considerably higher yield loss than Timo, Vreta and Capella on severely infected soils
(Table 4). The relative yields of these varieties in the officia! trials of 1980-89 in the
corresponding regions with a zero or low degree of infection were for Vreta 100 (J40J
kg/ha), Timo 108, Bodil I0J and Capella 124 (number of years in trial: Vreta, Timo and
Bodil 10, Capella 5 years) (Bengtsson et al. 1989).

Tablc 4. Peas: kcrncl yiclds for
different varicties on highly Apha- No. Aphanomycesnomyces root-rot-i nfected locations Variety of kg/ha Rel. root rotin southern Sweden, 1985-89 trials index

Vreta 16 15h0 100 77
Tirno 16 11138 105 77
Bodil Ill llll 4 65 77
Capella lh J()l)7 128 77

In Table 5 a yield comparison is made between the two most cultivated pea vaneues in
Sweden during the 1980s, variety Timo and the 1990-rcleased variety Capella. In heal
thy fields with no occurence of the fungus, Capella shows a 13% higher yield than
Timo. On fields with the fungus, Capella shows a 23% higher yield than Timo. Capella
can therefore be said lo have a I 0% belter tolerance level to root rot than Timo.

The belter tolerance to root rot in Capella cornpared with Tima helps to reduce the
loss on soils with a low or moderate dcgree of infection. On highly infected fields it is
uneconomical to grow peas and another crop should be chosen instead.

lnfluence on protein content
The protein content in peas harvested from fields infected with the fungus shows a
highly significant decrease cornpared with protein content of peas harvested from
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Table 5. Peas: yield comparison be-
Aphanomyces No. Timo Capella tween Capella and Timo on trial lo-

root rot of kg/ha rel. Timo = 100 cations at different levels of Apha-
index ir ials nomyces root rot infection in sou-

t her n Sweden, l985-8lJ

0 h5 3410 113
23 34 32(Ul 123
77 lh 1638 122

uninfected fields (Table 6). The average decrease was 1.6%. Since protein payment is
applied on peas intended for fadder purposes in Sweden, this is likely to have economic
consequences.

Protein con tent of peas
grown in healthy fields

without infection

24.7 ± 2.4
No. of observations

222
Test of significance

Protein con tent of peas Diff.
grown in Aphanomyces-

infected fields

23.1 ± 2.3 -1.(1 units

308
t = 7.5***

Table 6. Peas: protein con
tent, percentage of UM mean
± standard error, in peas
grown on ficlds without and
with infection of Aphanomy
ces root rot, l985-8b

In Table 7 the protein content is given for different varieties grown on healthy and on
Aphanomyces-infected soils. A comparision of the two most thoroughly tested varieties,
Tima and Vreta, reveals that there are vartetal differences in this respect. The decrease
in protein content in the variety Tima is less than that in the variety Yreta.

Table 7. Pcas: protein corueru of different varieries grown on hcalthy and Aphanomyces-infected soils
respectively

Non-infcctcd fields A.e.-infcctcd ficlds Diff. t-value
A.e. index = 0 Mcan
Var iery No. of Protein No. of Protein A.e.

obs. % of DM obs. % of DM indcx

Vreta 25 2h.1 ± 1.h 33 24.2 ± 1.7 -1.8 9.16*** 26
Timo 24 2h.5± I.X 33 25.7 ± J.l) -0.8 l.t13n .s. 26
Bodil 13 21.8±2.4 8 20.5 ± 2.2 -1.2 l.20n.s. 26
Petra 25 2J.11 ±2.1 32 22.4 ± 1.7 -1.2 4.50*** 25
Rigel 19 23.3 ± 2.5 27 21.1 ± I.X -2.2 4.'10*** 34
Sven ne 13 24.5 ± 2.3 18 24.0 ± 2.0 -(1.5 ll.75n.s. 27

Bohatyr 10 24.5±1.4 19 22.1 ± 1.6 -2.4 7 .26*** 24
Capella 11 25.4 ± 2.'1 18 23.8±2.1 -1.5 l.49n.s. 2h

Solara 7 24.4 ± 1.6 16 22.1 ± I.X -2.3 4.05*** 2()
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lnfluence on cookability
Cookability of peas harvested from Aphanomyces root-rot-infected fields is reduced
compared to peas harvested from uninfected fields. The ave rage decrease was I 0%
(Table 8). In Table 9 the cookability of different varieties is compared in trials with
presence and absence respectively of Aphanontyccs euteiches. The variety Capella is
shown to have a decrease in cookability of only half that of the variety Rigel.

Table 8. Pcas: cook
abi I i 1y of peas
gruwn on healt hy
amt Aphanomyccs
r o o t+r o t-j n Ie c t e d
Iiclds respective ly,
I IJX5-87. Pc rce n lage
of cookcd after ll(J

min boiling

Cookahili1y (%)
No. of observarions
Test of significance

Non-inlectcd fields

8'1 ± l(i
•)5

/\.e.-infccteJ ficlds !Jiff.

7<) ± 23 - to
1311

t = 3.8h***

Table 9. l'cas:
cookability of Variety Nun-i nfectcd fielJs A.e. -in feet ed fields Diff.
different pea A.e. i n de x = lJ
varieties har- Nu. uf Cuokahility No. of Cookability
vested from obs. % obs. %healthy and
infected fields

Vreta 9 81/ 14 83 -4respectively,
Capella 9 9/J 14 90 -()1985-87
Sol ara 9 91 14 81 -10
Rigel () 81 14 69 -12

lnfluence on stalk length
Root rot decreases the stalk length of the plants, see Table 10. On average over all
varieties in the officia! 1985-1980 trials the decrease in stalk length was 23%, Table 11.

Table Ill. l'eas: stal J..
length (cm)

l'lanl lcnglh (n11)
No of obscrvat ions
Tes! of sig11ifica11L·c

Heal t hy fields

A.c. inJex = 0

78
1()3

Rooi-rot
infected fielJs
/\ ve rage A .e.
index = 0

h()

llil

Uiff.

-18

I =h.3**"'

Injlucnce urt stalk siiffncss
Stalk stiffness has increased in Iiclds infccted with root rot by an average of 9% units
(sec Table 12).
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Table 11. Peas: stalk length of different varieries grown in fields with and without Aphanomyces
euieiches. Officia! tr ials llJ85-81l

Variety Non-infected A.e.-infected Uiff. Reduction
fields fields cm %

No. of Height No. of Height
obs. cm obs. cm

Vreta 7 li I 10 8{) -22 20

Timo 7 114 10 88 -24 21

Petra 7 (Il) 9 53 -16 23

Fjord 6 81 10 63 -18 22

Rigel 7 77 10 59 -18 23

Sven ne 6 (l() 10 48 -21 30

Capella Il 81 10 M -17 21

Bohatyr (l 81, 10 1,7 -19 22
R3% 7 74 10 Sil -18 24

CE 103 7 5h 10 42 -14 25
Hel ka Il 711 10 55 -15 21

Solara (, (,3 10 47 -lo 25

Stehgolt (l 5l) 10 43 - lb 27
Progreta 6 7() 10 57 -22 28

Stalk stiffness
No. of observauons
Test of significancc

21
178

JO
2h6

Diff.

+l)

t=3.'1***

Table 12. Peas: stal k
sti ffness in lields wi th
and without Aphano
myces cutcichcs. Otfi
cial trials 1')85-86. 0-
llU), Ill() = upright
stand

Healthy fields A.e.-infected fields

CONCLUSION AND DISCUSSION

The results indicate the widespread incidence of Aphanomyces eutelches in field soils in
the important pea-growing areas of Sweden.

The fungus can seriously decrease yield levels when the infection is severe.
Differences exist between varieties in their tolerance to the disease and it is highly

worthwhile to consider these differences when choosing varieties. However, it has been
observed that none of the varieties have a high resistance to attack in fields with a high
degree of infection. Such fields should therefore not be planted with peas.

The observed reduction in protein content is likely to be due to the inhibiting role
the fungus plays in the establishment of the nitrogen-fixing bacteria and due to the
rotting away of nodules in severe root rot infections.
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cator i, given by adJing el al. to the fir'it 11;..imed author: J\a"c L't al
I 19771 nr ii\a,e et al. 1977)
In thl! li,t of rd·erencc" author< n:ime, are li~ted alphahcticdly
Two ur more work, by the ,ame author are li,ted chrnnologiL·~dly
and if puh]i..,hed in the ,amc year mu"t hc t..li..,tingui..,hcJ h:· lhe
appenJagc a. h. L'lC. after the year of puhlication. The corre..,ponding
appendagc mu'it al"o appear in the tc\t indicator.
H~1eg. 0./\. 1971 Vitcn ... k..1pelig forlattcr..,~ap. 2. utg. L'nl\Cr ... 11ctv

forlaget. O,lu. 1:1 h.
Ocn. H. & S. Vl.'..,trheirn 19X5. DL·tcctiun nr 11011-\olatilt..' acid" 111

,.;wl.'et cherry fruit .... Acta agricultura1.' "'-'andina, ia 35: l--l.5-15:!
Strømnc,. R. 198J. Ma~kincll markhcri:dning ng manuell pl:mting.

Landbrukets arbok 1984: 265-278.
Uhlcn. G. l96X. Nitrngengjv,d..,ling til cttarig. raigra,. Jord og U\"ling.

101,1: 5-8.
/\a,e. K.F.. F. Sund,tHI & K. \-t~hr 1977. For'IHJ... med ..,,r:mdrn~r

og nokrt..' andre g:ra ... artar. For..,J...n111g og for..,øJ... i landhruJ...ct ~7
575-604

NnticL' thai:
- Only thc fir..,l named author'" initi:il" :md "unw111e :.tl"L' inva11.·d
- The ,1111per..,;.111d "yrnhol j.., Ll"L'd hct,\CCn ;rnthor'" naml'"
- The date afti:r till' author'" name i" thc :e,u- or puhlic;.1tion
- The j..,..,ul.' nu111ber j.., given in p.iren1t11.·"1.'" after the Hllumc numbl.'r

and onl~ 111 ca"e" whi:rt..' each h"UL' nf a particular ,nluml.' heg111"
on p. 1
A colon 1" u"ed hdore p:.1gt..' numhcr" 111 1ournal arn1.·k..,

- Tht..' )Car o1 puhl1cation ,ufficL'" 1n L':1"c" \\hcre the ,nluml' nu111-
hcr i" rni ... ..,ing

- In rekrcrll'e" toa hooJ..., the namc tlf the pub[i..,her and thl' placc o1
publication arl.' givt..'n after the 1itll' L'I° thc hnok. lf mnrl.' than nrK'
edition of a hooJ... ha~ heen pub[i..,hed. tl1L· 1..·ditillll u~ed mu"t h1..· in
dicatt..'d. The nurnber of page" "hould he giv1.·n.

- It j.., recom111ended rwt to ..ihhre\ iatl.' the titk" pf perindical .... hut 111
ca"e" \\ her1.· thi" ha" meverthl'k"" hL'ell done. ahhrc.'\ i..ition,
... twuld bl.' in accordance \\ ith lhl' \Vorld Li"t of SL·ientific P1..·r
iodical" am.I/nr BLCOP Briti"h L'nion Catalngue 1.)f Pcri1,dicd"

ABBREVIATIONS
L"c "tandard .ihhrcviation~ where avail;1hk. lllherwi"L' ahhre, i:11iu11"
givl.'n in thl' t1.·x1 ... hould be explained at tht:ir first 111entil1n. ()u,1111i1-
ie" and unih nf mcaqirement "hall he in ;H.xorda111..·1.· \\ ith ,,S, ...i1.;111l.'
International d'Unite~" (Sl).

PROOFS
P,tgc pn,of.., will he "ent to the.· author for prnofr1.·ading. The! ... h11uld
be r1.·ad imlllediatel~ and rt:lllrllL'd to the journal"" editt1rial n1licc
Printer'" mi~1aJ...I..'~ ~hould be marked with a hluc Jk'll and :m: pn..,..,i
hk <.:liange~ made hy the author ag:iin"t tht:' manusnipt in red. Till'
St'L'OIH.l prnof will he checked at the edihll'ial oflke.

OFFPRINTS
An ordcr form for offprinb. plu:- price Jj..,1, will he se111 lt.l :iutlwr"
altJng with lhL" fir"l pmof,;_ The author(") \\ill recei,t:' 50 offprinh
frec nr charg1.·. Thb form should he.· filled out and rc.·turned \\ith till'
tir:-.t prtlnf~ tn the editorial offit.."c.'.
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