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ABSTRACT

Fourteen seed lots of winter wheat were tested for Microdochium nivale
contamination using various methods. The seed lots tested were largely free from
other fungal contaminants and M. nivale was both superficial and deep seated.
No relationship between seed weight and M. nivale contamination was shown.
Microdochium nivale contaminated seeds were evenly distributed by weight
throu^out the three seed lots tested and no relationship between seed appearance and
contamination was shown.
Seedling disease symptoms were greatest for M. nivale in cold dry conditions
and for F. culmorum in warm dry soil conditions. Good linear relationships were
shown between disease severity and the rate of seedling emergence for both
artificially inoculated and naturally contaminated seed. Contamination by M. nivale
affected seedling vigour as measured by the rate of emergence. Seedlings took longer
to emerge as the percentage of M. nivale contaminated seeds increased.
Microdochium nivale var. mcgus was shown to be the most common sub-group
o f M. nivale isolated from wheat seed. O f 91 M nivale isolates tested 85 were
identified as M. nivale var. majus and 6 as var. nivale, with the var. majus isolates
being more pathogenic tpwards wheat seedlings.
The efhcacy of fimgicide seed treatments was not affected by inoculum load
as measured by the percentage of contaminated seed. However, reduced temperature
did decrease the efficacy of one of the fungicides tested. In the field, effects on crop
emergence and infection were observed following seed treatment at two sites. At one
site disease control resulted in an increase in grain yield of 300%.
It is clear that seedling disease will be severe vàien a seed lot with a hiÿi
percentage of contaminated seeds is sown into conditions where seedling emergence
will be slow. Under such conditions the use of a robust seed treatment is advised.
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CHAPTER 1

Introduction and literature review

BHTRQPUCTIQN AND LH^ERAXIIBEJEim ] ^

The Genus Fusarium

According to Booth (1971) the genus Fusarium was first described by Link in
1809. Fusarium is classified within the order Deuteromycotina (Fungi Imperfecti) in
the class Hyphomycetes. The genus Fusarium contains fimgi which are characterized
by fusoid, curved, septate macroconidia. The distinctive macroconidia form slimy
masses called sporodochia on branched conidiophores. Microconidia where formed
are smaller, aseptate or uni-septate and ovate in shape. Terminal or intercalary
chlamydospores are common in the genus.
There are many species within the genus Fusarium, Those commonly
occurring on cereals in the U.K. are F. culmorum, F. avenaceum, F. gramineanan
and F. poae. The known teleomorphs of these Fusarium spp. belong to the order
Hypocreales, family Hypocreaceae of the Ascomycotina. They are classified as
members o f the genera Calonectria, Gibberella, Micronectria and Nectria, all of
which are closely related.
Until 1983, Microdochium nivale (teleomorph: Monographella nivalis),
formerly Fusarium nivale was considered to be part of the genus Fusarium (Samuels
and Hallet, 1983). Fusarium nivale was reclassified as M. nivale owing to its
annellidic conidiogenesis. Within F. nivale, Wollenwebber (1931) had already
distinguished two varieties, F. nivale var. majus and F. nivale var. nivale, the former

having larger conidia. This observation was later confirmed by Gerlach and Nirenberg
(1982) Wio recorded that F. nivale var. nivale was mostly 1-3 septate whilst F. nivale
var. majus was distinguished by wider, predominantly three septate conidia. However,
the separation of M. nivale into two groups was questioned by Nelson et al. (1983)
and by Litschko and Burpee (1987) who could not difierentiate any distinct types
using morphological criteria. Recently, Lees et al. (1995) used random amplified
polymorphic DNAs (RAPDs) to investigate variability within M. nivale finm cereals
in the U.K. This study revealed extensive variability witiiin M. nivale but nevertheless
demonstrated the presence of a uniform sub-group which correlated broadly to var.
maJus as determined by conidial morphology. These findings were confirmed among
isolates of M. nivale from elsewhere in Europe by isozyme analysis and study of
polymorphisms witiiin the internal transcribed spacer (ITS) region of rDNA (Maurin
et al. 1995). However, it was not clear fi-om these studies wdiether the remaining
isolates were members of further sub-groups. In the absence of further information,
tiiese isolates were termed var. nivak (Maurin et al., 1995) to differentiate them fi-om
the homogenous var. majus sub-group.
The anamorphs and teleomorphs of the pathogens that commonly cause
Fusarium diseases of cereals in the U.K. are given in Table 1.
Fusarhan spp. occur commonly throughout temperate and tropical regions of
the world. Fusarium has been isolated fixim soil and plant material in Africa (Tarr,
1962), Asia (Kelman and Cook, 1977), Australasia (Wearing and Burgess, 1977),
Canada (Gordon, 1954 and 1959), Europe (Marie, 1981; Cassini, 1981) and the

United States of America (Cook, 1968 and 1980) although the occurrence of
individual species may be determined by local environmental conditions.

Table 1. Pathogens that commonly cause the Fusarium group of diseases of cereals
in the U.K.

Anamorph

Teleomorph

Fusarium culmorum (W.G. Smith) Sacc.

Not known

Fusarium avenaceum (Ft.) Sacc.

Gibberella avenacea Cook,
(not recorded in the U.K.)

Fusarium poae (Peck) Wollenweber

Not known

Fusarium graminearum Schwabe

Gibberella zeae (Schw.) Petch.

Microdochium nivale (Fr.) Samuels &

Monographella nivalis

Hallet

(SchafiBiit) E. Muller

Many Fusarium spp. are primary saprophytes which survive on dead and
decaying plant material and other organic substrates (Booth, 1971). The predominant
interest in Fusarium spp. has however occurred due to their importance as plant
pathogens. Fusarium monili/brmae, F culmorum, F avenaceum and F. graminearum
are all economically important pathogens of graminaceous crops; pakah-boeng of

sugar cane, bakanae diseases of rice and seedling, foot rot and ear diseases of small
grain temperate cereals. Fusarium spp. also cause wilt diseases, panama disease of
bananas caused by F. oxysporum being one of the most devastating diseases in the
world (Armstrong and Armstrong, 1948).

Diseases of Wheat

Fusarium spp. and M. nivale are responsible for three diseases of wheat;
Fusarium seedling blight, Fusarium foot rot and Fusarium ear blight (scab).
The first record of disease of cereals in the U.K. caused by Fusarium spp,
was made in 1884 by Smith. Later, Beimett (1935) found 14 Fusarium spp.
associated with disease in U.K. cereal crops. However, of these, only five species
(Table 1) are usually accepted as primary causal pathogens.
Wheat can be attacked at all stages of its development by all of the pathogens,
with the exception of Fusarium poae. There is little evidence to suggest that
Fusarium poae is a pathogen of seedlings (Colhoun and Park, 1964) or stem-bases,
although according to Policy et a/. (1991) F. poae was the most common pathogen
infecting ears of winter wheat in a survey conducted between 1989 and 1990 in the
U.K.
Attack at early stages of wheat development can cause death of seedlings
before and after emergence. Latent or subsequent infection can cause foot rot
characterised by brown lesions on nodes and intemodes. Severe foot rot can result

in “white heads” (bleached ears containing no grain) or lodging. Later on in the
development of the crop ears can become infected. One or many florets may become
bleached and grain may become shrivelled and contaminated.
The three Fusarium diseases of cereals; seedling blight, foot rot and ear b li^ t
are shown in the generalised disease cycle of Fusarium on small grained temperate
cereals (Figure 1). It can be seen that each disease can provide inoculum for future
infection during the next stage of fee host’s growth cycle. Ear blight through infected
seed can provide a source of inoculum for seedling blight (Rennie et al., 1983) and
seedling blight can progress into foot rot (Duthie and Hall, 1987). The link between
foot rot and ear blight is less clear, although splash dispersal of spores in water has
been demonstrated (Jenkinson and Parry, 1994) and fee possibility of systemic
infection highlighted (Snijders, 1990).
This succession of diseases may however be broken by environmental
conditions unfavourable for disease development or by fee action of fungicides.
However, the ability of these Fusarium spp. to saprophytically colonise crop debris
means that cereal crops are always under threat from soil-home inoculum.

SEEDLING BLIGHT

EAR aUGHT
FOOT ROT
Cenkfia

Survival

Stubbla & crap debris
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Figure 1 Generalised disease cycle of Fusarium on small grain cereals (from Party et
a l, 1994).
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There are two main sources of inoculum for seedling bliÿit; contaminated seed
and soil.

Soil-borne inoçuilum
Fusarium seedling bliÿit pathogens can survive in soil, although their methods
of survival appear to differ. Snyder and Nash (1968) investigated the occurrence of
Fusarium in field soil at Rothamsted Experimental Station, U.K. The sampled soils
included those that had contained continuous cereals or root crops for 100 years or
more, as well as those that had been in long-term pasture and woodland. Isolations
fix)m these samples, excluding crop debris and organic matter, showed that F.
culmorum was the only species readily isolated fix)m fields of continuous cereals or
long-term pastures. Fusarium culmorum

also readily isolated fi-om woodland

soils, as was F. avenaceum. However, F. culmorum was not isolated from fields of
continuous root crops. In these fields, Fusarium oxysporum was the predominant
species.
Resting spores of F. culmorum and F avenaceum were found in the above
soils. Fusarhan culmorum readily produces chlamydospores which are thick-walled
and long-lived in soil (Cook, 1968), whereas F. avenaceum rarely forms true
chlamydospores, instead producing a type of resting spore within macroconidia and
hyphae, which has been shown to enable the fungus to survive in soil for up to 18
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months (Hargreaves and Fox, 1978).
In addition, to its survival as chlamydospores, F. culmorum can survive in the
soil on crop debris. Sadisivan (1939) readily isolated F, culmorum from buried wheat
straw. Walker (1942) confirmed Sadisivan’s findings and concluded that F. culmorum
was an important colonizer o f organic matter in field soils.
As M nivale is not known to produce resting spores it is not surprising that
Snyder and Nash (1968) were unable to isolate M. nivale fix)m field soils when
excluding organic matter even though it was readily isolated along with F. culmorum
and F. avenaceum firom diseased cereal plants. However, the inability to isolate M.
nivale directly from field soil appears to be more complex than a lack o f resting
spores.
Gordon (1954) was also unable to isolate M. nivale fix>m 1674 soil samples
from cereal plots in Canada. In addition, Rawlinson and Colhoun (1969) could not
isolate M. nivale directly fix>m soil samples, although “bait” plants became infected
when grown in these same soil samples. Therefore, although M. nivale could not be
isolated directly fix>m soil, it was nevertheless there.
It is clear that the precise method by which M. nivale persiste in soil is not
known, although there is evidence to suggest that crop debris in the form of buried
straw may be important Booth and Taylor (1976a) investigated straw as a possible
source of inoculum for seedling blight of wheat under field conditions. When
naturally infected straw from the previous crop was removed before sowing 47% of
seedlings became infected. Where straw was left on the surface and seeds direct

drilled, 70% of seedlings became infected, and when the straw was incorporated by
ploughing, 97% of seedlings became infected. In support of this work Booth and
Taylor (1976b) showed that M. nivale could grow short distances (less than 10 cm)
th ro u ^ soil and saprophytically colonise buried straw.
Later work by Al-Hashimi and Perry (1986) failed to support the findings of
Booth and Taylor (1976b). Al-Hashimi and Perry found that althou^ M nivale grew
th ro u ^ field soil to infect 5% of barley seedlings it was unable to colonise sterile
straw or persist on colonised straw in field soil. They concluded that M. nivale was
only a weak saprophyte and only likely to survive in field soil on straw which had
been colonised in the parasitic phase.
The ability of soil-bome inoculum to cause pre-emergence death of wheat
seedlings was demonstrated in growth room experiments by Bateman (1977).
Following inoculation of fee soil wife fungus grown on sterilized wheat seed Bateman
observed reduced germination and an increase in diseased plants wife respect to non
inoculated soil. However, field trials performed by ADAS between 1992 and 1994
using M nivale contaminated and non-contaminated seed stocks of winter wheat wife
and without a range of fungicide seed treatments produced no evidence to suggest feat
soil-bome M. nivale affected crop establishment or yield in fee field. Increases in
crop establishment following seed treatment with fungicide were only observed when
seed contaminated by M. nivale was sown (Paveley et al., 1996).
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Seed-bom e M. nivale and Fusarium spp, m ocubm
Daamen et al. (1991) found that wheat seed contamination by F. ctdmorum
and M. nivale in the Netherlands, was positively correlated with cumulative
precipitation during the months June, July and August. They suggested that wet
weather may directly stimulate late ear infection and ear bligjit disease development.
In addition, they stated that delayed crop ripening and harvest could facilitate
continued infection leading to contamination of the seed. The effect of atmospheric
relative humidity before harvest on the colonisation of wheat seeds in the field by
unidentified fungi was studied by Hyde (1950). He found a significant correlation
between atmospheric relative humidity at 0900 hrs in what he described as the few
weeks before harvest, and the amount of internal fungus in the wheat seeds. The
higher the atmospheric relative humidity the greater the amount of internal fungus.
Dickson et al. (1921) observed that the contamination of wheat seed by F.
avenaceum, F. culmorum and F. graminearum can occur following the inoculation
of wheat ears with these pathogens’ conidia. They showed that the greatest ear
infection occurred at flowering, with initial infection usually occurring through
extruded anthers. After the fungus had become established in the anthers it then
spread to adjacent tissues.
It has also been suggested that ear infection of wheat may occur from the base
of the plant, th rou ^ systemic growth of the pathogen within the stem. Hutcheon and
Jordan (1992) observed ear blight disease symptoms on wheat plants inoculated with
F. avenaceum, F culmorum, F. graminearum or M. nivale at the stem-base, prior to
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ear emergence. They stated that systemic growth had occurred within the vascular
tissue leading to ear disease. However, these workers did not observe fungd
colonization of the vascular tissue microscopically. Their conclusion was based solely
on isolation of M. nivale and Fusarium spp. from stem segments at increasing
heights from the stem-base.

f

Ay M, nivale

Seed contamination can be the result of the presence of spores on the seed’s
surface or mycelium within the seed. Hyde and Galleymore (1951) found many
spores of Fusarhan spp. on the outside of wiieat grains harvested from the field in the
U. K. These spores were particularly abundant in the beard region. Following surface
sterilization to remove surface spore inocula, 1.9% of seeds formed cultures of
Fusarium spp. on agar plates. After microscopic examination of the seed they found
extracellular septate hyphae forming a network on the inner surface of the epidermis.
The hyphae were occasionally found to have penetrated the epidermal cells. The subepidermal mycelium was finally restricted by desiccation beneath the epidermis
during drying of the ripening grain. Elekes (1983) observed hyphae of F. ctdmorum,
F. graminearum and F oxysporum in the pericarp, most commonly around the
embryo, of naturally contaminated wheat seeds fi-om Hungary. Hyphae were also
found in the endosperm and testa, but not in the aleurone layer or embryo.
Microdochitan nivale was isolated by Bateman (1983), on potato dextrose agar
plates, fix)m the epidermis, the pericarp and testa, the endosperm and embryo of
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naturally contaminated vfheat seeds (cv. Maris Kinsman and Flanders). Although the
fungus was distributed throughout the seed, it was most commonly isolated from the
epidermis and the pericarp and testa. Sectioning of a few of the infected seeds (cv.
Flanders) showed most of the contamination to be in the space below the epidermis
and in the crease.

The occurrence o f contamin<aeiLwbeidJS£eiti
Millar and Colhoun (1969) observed that under field conditions in the U.K.

\

when all of the wheat tillers examined were infected by M. nivale, a maximum of
30% of the seeds harvested were contaminated by M nivale, hi addition, when they
artificially inoculated wheat ears with M. nivale conidia only 31% of the harvested
seeds were contaminated, even though all of the inoculated ears showed disease
synqitoms. They suggested feat this observed maximum percentage (about 30%) was
possibly caused by a natural barrier to total grain infection. However, they did not
allude to its mechanism.
I,

Wheat seed naturally contaminated by M. nivale has subsequently been shown \
\;
to occur at fiiequencies greater than 30%. One of fee most highly contaminated wheat
sanqiles recorded had 79% of its seeds contaminated by M. nivale (Humphreys et al.,
1995).
The occurrence o f wheat seed contaminated by M. nivale has increased over
recent years. A five year survey of wheat seed in fee U.K. begun in 1959 by Hewett
(1967) showed that M. nivale contamination of wheat seed infection to be 0.3% with
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only occasional samples having more than 5%. The 1963 harvest was exceptional,
with an average of 5.3% seed infection for samples of the cultivar Cappelle Desprez.
Most recently a seed health survey in the U.K. by The Home Grown Cereals
Authority (HGCA) and Zeneca showed that 99% of the batches of wheat seed tested
between 1992 and 1993 and 68% of those tested in 1994 were contaminated by M.
nivale.
In contrast to M nivale, natural wheat seed contamination in the U.K. by F.
avenaceum, F. culmorum and F. poae has become less common in recent years. A
survey of seed-bome Fusarhan spp. of wheat in the U .K ., between 1959 and 1963,
showed that approximately nine out of every ten batches tested were contaminated
(Hewett, 1967). The average incidence of contaminated seed was generally low and
fluctuated between 2 and 5 %. However, seed contamination in 1960-61 was much
higher, with the hip est incidence of seed contamination recorded being 29 %. Where
seed contamination was high, one species tended to predominate. The most
predominant species was usually F. avenaceum.

InocHlnm load on indMdm l whetrt seeds
The effect of increasing inoculum load on the subsequent disease severity in
wheat seedlings was studied by Millar and Colhoun (1969). These workers placed
increasing numbers of M. nivale conidia on the surface of wheat seeds and then
observed their effects on subsequent disease severity in Wieat seedlings grown in pots
in a glasshouse. They found that as the seed spore load increased from 0.5 conidium
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per seed to 1 000 000 conidia per seed, the severity of disease increased linearly with
log spore load.
The effect of increasing F. culmorum inoculum on subsequent seedling blight
disease symptoms was investigated by Malalasekera and Colhoun (1969). They too
found a linear relationship between log spore load and disease severity in wheat
seedlings. These workers then attempted to devise a method by which the extent of
individual wheat seed contamination by F. culmorum could be assessed. They used
a selective medium \shich inhibited the growth o f bacteria and most seed-bome fungi
other than F. culmorum. Radial growth of colonies derived from contaminated seed
was measured after six days, and used as a guide to fee degree of contamination. They
found a positive relationship between spore load and colony diameter following
inoculation o f the seed’s surface with macroconidia. They concluded that the
technique could predict the maximum amount of disease that would occur under
conditions favourable for infection. However, they did not state how this could be
achieved in practice, and found its application to naturally contaminated seed less
effective owing to variability in colony diameter observed from individual seeds.

Invasion of Wheat Seedlings by hLinyale m dJF usm iim .W L

According to Bennett (1928) seed and soil-bome inoculum of F. culmorum
entered wheat th ro u ^ primary root and primary stem. More specifically Simmonds
(1928) found feat F. culmorum infected oats througji root hairs, mesocotyl and

15

coleoptile from conidial germ tubes. Penetration occurred below small appressoria.
Hyphae penetrated the cortex of root, shoot and coleoptile, but were rarely observed
in tissues within the endodermis. In contrast, appressoria were not observed by
Malalasekera et al. (1973) when seed-bome inoculum of F. culmorum penetrated
vriieat seedlings throuÿi the hypocotyl or coleoptile. Infection by F. culmorum of root
and coleoptile also was reported by Russell (1931) with penetration occurring
frequently between the junction of two epidermal cells. Colonization of roots
subsequent to penetration was observed by West (1975) who found that F. culmorum
hyphae penetrated the stele and entered the xylem of wheat within eight days of
inoculation.
There are fewer references to invasion of cereal seedlings by M. nivale. Malan
(1949) noted that M. nivale penetrated the leaves of rye seedlings th ro u ^ their
stomata. This method of penetration was also observed by Malalasekera et al. (1973)
working with M. nivale and wheat coleoptiles. They found that following penetration
through stomata subsequent intercellular hyphal growth was common. However,
penetration of cells by hyphae was rarely observed.

Environmental Conditions Affecting the Seventy ofLEWgnww Seedling Blight

Symptoms

Many environmental factors are able to affect the severity o f seedling blight
symptoms. The effect o f soil texture on seedling blight symptoms was investigated
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by Uoti (1976) who sowed spring wheat seed cv. Ruso artificially inoculated with F.
culmorum macroconidia into sand, loam and clay soils. Seedling blight severity was
greatest in the loam soil with little difference being observed between the sand and
clay soils. Sand, silt and clay soils have different characteristics and any one or
combination of these may have influenced Uoti’s results.
Soils can differ greatly in their ability to provide nutrients to plants. The effect
of soil nutrient status on seedling blight severity was investigated by Shen (1940). In
pot experiments with wheat seed cv. Little Joss artificially inoculated with F.
culmorum Shen showed that the severity of disease was lowest when seedlings were
grown in conditions of high nutrient status (N, P, and K). Shen also showed that
disease symptoms were most severe at low pH (acid soil). This result supports the
previous field observations of Blair (1937) who observed a greater incidence of
Fusarium seedling blight on the more acidic soils in New Zealand. Seedling blight
caused by M. nivale has also been reported to be most severe in acid soils. Millar and
Colhoun (1969) showed in glasshouse pot experiments that wheat seed inoculated
with M. nivale macroconidia produced the most severely diseased seedlings when
grown in the more acid soils tested (pH 4.8 -8.1).
The fectors of soil nutrient status and pH may have affected the results of Uoti
previously discussed. However, Uoti attributed the moisture content of the soils as
having the greatest influence on seedling blight severity seen. The loam soil being
drier than the sand or clay soils tested.
The severity of Fusarium seedling b li^ t is known to be affected by
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temperature and soil moisture. Early glasshouse studies by Dickson (1923) with F,
graminearum and wheat seedlings showed that Fusarium seedling blight from
naturally contaminated and artificially inoculated seed was most severe between 16°C
and 28°C. Few disease symptoms were seen above 32°C and none were seen below
12°C. In subsequent field studies he confirmed that disease was most severe in warm
sods. No reduction in emergence was seen over the control from early plantings into
cool soil conditions in March and April, but only 32% emergence (control 77%) when
planted into warmer soil in May.
The effect of soil water on seedling blight of wheat seedlings caused by F.
culmorum was investigated by Shen (1940). In glasshouse e^q^eriments with
artificially inoculated seed, Shen showed that the severity of disease symptoms was
greatest, in both field soil and sand, at 30% moisture content (as a percentage of
saturation) as compared with 50% and 80% moisture content
More recent studies have addressed the combined effects of temperature and
soil water on Fusarhan seedling blight. The effects of temperature and soil water on
seedling b li^ t caused by F. culmorum was studied in glasshouse pot experiments
using artificially inoculated seed by Colhoun and Park (1964). These workers
reported that the percentage of seedlings which died both before and immediately
after emergence, as well as the percentage of plants which eventually showed visible
lesions, increased as the soil became warmer and drier. Seventy eight percent of
seedlings did not emerge in dry (37% maximum water holding capacity (MWHC))
warm (22.5®C) soil, whereas only 2% felled to emerge at 60% MWHC and 13.4°C.

18

Furdier woik conducted by Colhoun ei al. (1968) to investigate the additional effects
o f soil pH, depth of sowing and inoculum density on seedling blight caused by F.
culmorum also showed that warm temperature (23°C) and dry soil (36% MWHC)
were important fectors in increasing disease severity.
The effect of temperature and soil water on Fusarium seedling blight caused
by M. nivale has been shown to be different to that of seedling blight caused by
Fusarium species. According to Colhoun and Park (1964) disease caused by F.
culmorum, F. graminearum and F. avenaceum was most severe in warm dry soil,
whereas Millar and Colhoun (1969) showed that disease caused by M nivale was
most severe in cold dry soil. Millar and Colhoun investigated the effect of
temperature and soil water on seedling blight caused by M. nivale in glasshouse pot
experiments using artificially inoculated seed. They grouped all observed disease
symptoms together to create a disease index which proved to be greatest in cold
(6.1°C) dry (8.8% moisture content) soil as compared with warm (16.4°C) wet
(24.5% moisture content) soil. The effect of low temperature and soil water on pre
emergence death o f seedlings artificially inoculated with M. nivale was investigated
by Duben and Fehrmann (1979). They showed that 91% of seedlings emerged at
20°C and 60% MWHC, whereas only 33% of seedlings emerged at 5°C and 49%
MWHC.
The effect of temperature and soil water on the severity of seedling blight
symptoms has been linked to the effect of temperature and soil water on the
relationship between the pathogen host growth rate ratio and also the coefficient of
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velocity o f emergence (CVE) of seedlings. Leach (1947) studied the relationship
betvyeen the pathogenihost growth rate ratio and disease severity for Pythium
ultimum, Rhizoctonia solani and Phoma betae with respect to peas, sugar beet,
watermelon and spinach under environmentally controlled conditions. He concluded
that all other fectors being constant, the relative growth rates of the host and the
pathogen as affected by temperature, determined to a considerable degree the severity
of pre-emergence infection. This theory was applied to the relationships between the
padiogen host growth rate ratio and the severity of seedling blight symptoms caused
by F. culmorum by Malalasekera and Colhoun (1968). These workers primed wheat
seeds by soaking them in water prior to inoculation and sowing to simulate the
increased rate of seedling emergence seen in warmer, wetter soils. Seeds soaked for
three hours prior to inoculatirm and planting had a lower (39.7) pathogen host growth
rate ratio than unsoaked seeds (47.6) and subsequent seedling emergence was higher,
93% and 33% respectively. The CVE of seedlings from soaked seeds was also higher
than that from unsoaked seeds, 23.04 and 22.12 respectively.

The Effect, of F m m im Scedlpwg BMght qp Yield

A reduction in seedling number caused by Fusarium seedling blight can result
in reduced grain yield in wheat Colhoun (1970) observed large reductions in seedling
emergence in the field following sowing of wheat seed artificially inoculated with F.
culmorum and M nivale. At harvest yield reductions of up to 20% for F. culmorum
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and up to 18% fbrM nivale inoculated seeds were recorded. These yield reductions
are modest in conq)arison to those observed by Uoti (1976). Using spring wheat seed
artificially inoculated with F. culmorum Uoti observed yield reductions of up to 80%
in the field. Yield reductions caused by M. nivale in commercial crops occur but are
difficult to quantify. However, under normal field conditions yield reductions of up
to 40% in Ireland (Hunqjreys et al., 1995) and 45% in the U.K. (Noon and Jackson,
1992) have been observed in trial plots sown with seed naturally contaminated by M.
nivale.
Diseased seedlings may have the potential to reduce yield by acting as a source
of inoculum for foot rot. Daaman et al. (1991) in their survey of foot rot diseases in
the Netherlands found that foot rot symptoms caused by Fusarium spp. and M. nivale
were positively but not significantly correlated with average percent seed
contamination. However, little is known about the relationship between Fusarium
foot rot and yield which makes estimation of potential yield loss fix)m seedling blight
inoculum difficult.

ChfimlgaLcontrol of

needling blight

Chemical control of Fusarium seedling b li^ t has been practised for many
years. One of the first treatments to be used against Fusarium spp. was chlorophenolquicksilver (Remy and Vasters, 1914). Subsequently treatments containing copper
carbonate, nickel sulphide, iodine-infusorial earth and organo-mercury compounds
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have been used to disinfect the seeds’ surface, and of these organo-mercury was the
most effective (Macheck and Greaney, 1935). Macheck and Greaney showed that
organo-mercurial treatments significantly increased the yield of wheat when treated
seed was sown in soil heavily infested by F. culmorum. The ability of organomercury seed treatments to control soil-bome M. nivale has also been demonstrated
(Bateman, 1977). Bateman showed that concentrations of phenyl mercuric acetate
(PMA) fix)m 1.0 to 3.0 pg seed'^ progressively increased emergence of wheat sown
in soil inoculated with M. nivale. Organo-mercury seed treatment has also been
shown to be effective against seed-bome inoculum with increases in yield fix)m
contaminated seed being observed in oats (Richardson, 1974); in barley (Clark, 1981)
and wheat (Rennie et al., 1990).
However, according to Millar and Colhoun (1969) control of seed-bome
Fusarium seedling blight of wheat when using organo-mercury was not complete
when treating naturally contaminated seed. Bateman (1976, 1983) also observed
incomplete control with PMA and stated that the failure to control M nivale with
organo-mercury had probably resulted fix)m the pathogen being exceptionally deepseated. Following dissection of a small number of seeds Bateman isolated M. nivale
from the endosperm and embryo.
Inconplete control of seed-bome Fusarium spp. has also been observed using
non-mercurial seed treatments. Scheinpfiug and Duben (1988) showed that Fusarium
mycelium in the pericarp of wheat seed could be controlled by a range of non
mercurial fungicides. However, they considered that if the infection had penetrated
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deeply and had damaged the embryo, a fungicide with systemic activity would be
considerably better than a protectant although even with a systemic compound
complete control could not be completely guaranteed.
The use of mercury seed treatments in commercial crops in the U.K. was
commonplace (Rennie et cd., 1980). However, following implementation in 1992 of
the EC commission directive 79/117/EC (Anon., 1979) mercury-containing seed
treatments have not been registered for use in the U.K. Seed treatments containing
conqx)unds from the déméthylation inhibiter (DMI) and benzimidazole (MBC) groups
had previously been used as alternatives to mercuiy with many workers suggesting
that fungicides from the DMI and MBC groups should be used in mixture to achieve
commercially acceptable control of M nivale seedling bliÿit of winter wheat in the
field. Froberger (1978) recommended that triadimenol, a DMI, should not be used
alone for the control of Fusarhan seedling b li^ t of cereals. This view was supported
by W ainwri^t et al. (1979) Wio showed that although triadimenol alone gave useful
control of pre-emergence seedling death caused by seed-bome M. nivale both preand post-emergence seedling symptoms were significantly reduced by the addition of
fuberidazole (MBC). Tebuconazole, a similar compound to triadimenol, was again
considered by Wainwright and Link (1987) to require the addition of another active
ingredient, possibly fuberidazole, to increase M. nivale seedling blight control.
There is now evidence of M. nivale isolates which are resistant to MBC
fungicides. In the U.K. Locke et a l (1987) tested five hundred and eighty seven
isolates of M. nivale and found 92.1% to be resistant to benomyl. After twelve years’

23

use, reduced control from Baytan (triadimenol + fuberidazole, Bayer pic. Bury St
Edmunds, Suffolk, U.K.) was observed in areas of Northern Germany (Scheinpfiug
and Duben, 1988). Scheinpfiug and Duben concluded that in a seed treatment an
MBC should not be used as the only component which is effective against M nivale.
They suggested that the most successful method of control would be a mixture of
active ingredients against which there is no cross-resistance. Th existence of M.
nivale isolates resistant to MBC’s was confirmed in an extensive U.K. survey of
Wieat stem-base isolates of M. nivale by Pettitt et al. (1993) and wheat seed isolates
by Parry et al. (1995).
Compounds from other chemical groups such as fenpiclonil and fludioxonil
(phenylpyrroles) (Koch and Leadbeater, 1992); guazatine (guanadine) (Jackson et al.,
1973) and bitertanol (DMI) (Morris et al., 1994) have also been shown to have
activity against Fusarium seedling b li^ t although the effectiveness of the fungicide
carboxin (carboxamide) seems unclear. Uoti (1979) used carboxin on artificially
inoculated seed under ghisshouse conditions and observed little effect on disease from
the seed treatment. Subsequently Klein and Burgess (1987) showed that carboxin
used alone at commercial rates had no effect on seedling blight from seed naturally
infected with F. graminearum and Scheinpfiug and Duben (1988) showed that
carboxin had insufficient action for the control of M. nivale. However, according to
Noon and Jackson (1992) a 334% increase in emergence was observed in the field
over non-treated seed when winter wheat seed with 72% M. nivale infection was
treated with carboxin + thiabendazole. Carboxin is currently used in Europe in
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mixture with thiram and its effectiveness against Fusarium seedling blight was
demonstrated by Mihuta-Grimm and Forster (1989) and Jackson et al. (1994).
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CHAPTER 2

General materials and methods
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MAT£MALS.AND METHODS

Pathogens used in Experiments

Table 2 Pathogens used in the e^q)eriments and the origin of isolates
Pathogen

Host

Microdochitan nivale

winter wheat seed (Table 3)

Fusarhan culmonan

winter wheat seed (Table 3)
winter wheat stem-base

Host Cpltia us-

Winter wheat (Triticum aestivum L.) Cultivars: Admiral, Avalon, Beaver,
Brigadier, Estica, Haven, Hunter, Lynx, Mercia, Riband and Slejpner.

Culture of Host

(ii Seed surface sierilizadon
Seeds were placed in a solution o f sodium hypochlorite (1% available
chlorine) for three minutes. Seeds were then washed three times in sterile distilled
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water placed on sterile blotting paper and then dried in a flow of sterile air.

(li) Seedling growth media
Wheat seeds were planted into a sandy loam soil-based compost. John Innes
seed and John Innes No.2 (J. Arthur Bower’s, Firth Road, Lincoln, U.K.) compost
was used. Before planting the compost was passed through a 5 mm sieve and then
sterilized at 121®C for 60 minutes three times with 24 hours between sterilizations.

(Hi) PloHting o f seed
Seeds were planted at a depdi of 2 cm. Details o f the containers, soil and soil
quantities used together with the number of seeds planted per container are given in
Table 4.

Culture of Pathogen

(?) Aseptic techniques
Glassware, pathogen growth media, distilled water and other autoclavable
equipment was sterilized by heat treatment at 121°C for 20 minutes in an autoclave.
Aseptic operations were performed in a laminar flow cabinet following the
sterilization o f all surfaces with alcohol.
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Table 3 Cultivar, pathogen, source and harvest year of naturally contaminated winter
wheat seed used during the work
harvest yi

No.

cultivar

pathogen

source

1

Admiral

M nivcde

Buckie, Granq>ian, Scotland

1992

2

Avalon

M. nivale

Eriswell, Suffolk, England

1993

3

Beaver

M. nivale

Boarders, Scotland

1994

4

Brigadier

None

Docking, Norfolk, England

1994

5

Estica

M. nivale

Haverhill, Suffolk, England

1993

6

Haven

M. nivale

Boarders, Scotland

1993

7

Haven

F. culmorum

Edgmond, Shropshire, England

1994

8

Haven

F. culmorum

Edgmond, Shropshire, England

1994

9

Haven

F. culmorum

Edgmond, Shropshire, England

1994

10

Haven

None

Edgmond, Shropshire, England

1994

11

Hunter

M. nivale

Scotland

1994

12

Hunter

M. nivale

Owlesbury, Hanq)shire, England

1993

13

Lynx

M. nivale

Stowmarket, Suffolk, EnglaW

1993

14

Mercia

None

Cambridge, Cambridgeshire, England

1993

15

Riband

M. nivale

Scunthorpe, Humberside, England

1993

16

Riband

M. nivale

Invergowrie, Tayside, Scotland

1993

17

Riband

M. nivale

DrifBeld, North Yorkshire, England

1993

18

Riband

M. nivale

Scotland

1993

19

Riband

M. nivale

Eriswell, Suffolk, England

1993

20

Riband

M. nivale

Yorkshire, England

1993

21

Riband

M. nivale

Boarders, Scotland

1993

22

Riband

None

Unknown

1994

23

Slejpner

M. nivale

Eriswell, Suffolk, England

1993
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Çn)
Single spore isolates of M. nivale and F. culmorum were produced 6om
cultures of the pathogens isolated from plant material. Sporodochia were removed
from cultures grown on potato dextrose agar (PDA) and the spores suspended in
sterile distilled water. A 100 pi sample of the spore suspension was spread over tap
water agar (TWA) in a 9 cm Petri dish and incubated at 15°C. After 24 hours single
germinated conidia were located using a low powered microscope (x40) and
transferred to separate Petri dishes containing 15 ml of sucrose nutrient agar (SNA).
The Petri dishes were then sealed with “Parafilm” (American National Can,
Greenwich, U.S.A.) and incubated at 15° for 10-14 days, after which they were
transferred to a refrigerator and stored at 4°C.

Qii)
Microdochium nivale and F. culmorum macroconidia were produced from
colonies grown on PDA. Sub-cultures of the fungus were produced by transferring
a 5 mm plug of inoculum from the edge of an actively growing stock culture, using
a sterile cork borer, to a Petri dish containing 15 ml of PDA. Sub-cultures were then
incubated at 15°C in darkness for 10-14 days. To induce sporulation sub-cultures
were subjected to specific light regimes for a further 10 days. Cultures of F.
culmorum were illuminated by Philips 365 nm black light fluorescent tubes on a 12
hour photoperiod at 20°C. Cultures of M. nivale were illuminated by Philips coolwhite fluorescent tubes on a twelve hour photoperiod at 15°C.
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Table 4 Details o f the containers used and their dimensions, the types of compost
used and the seed planting rates.
Container

Dimensions
(mm)

compost
used

Seeds per
container

Plastic tray -14 seed tray (Ward,
Wednesbury, West Midlands, U.K.)

215x155x45

J. I. No. 2
(950 g)

35

Plastic tray - % seed fray (Ward,
Wednesbury, West Midlands, U.K.)

165x95x45

J. I. No. 2
(480 g)

20

Plastic pot - Optipot 7M

70x70x80

J. I. seed
(230 g)

16

Glass jar - clear glass, wide screw
neck 250 ml (Fisons, Bishop
Meadow lane, L oughborou^
Leicestershire, U.K.)

60x60x120

J. I. seed
(60 g)

10

(jy)

q teK jaigzfligfoiM
Macroconidia were dislodged and washed from the surfrice of sporuladng

cultures using a sterile spatula and 5 ml of sterile distilled water. The resultant spore
suspension was then passed through three layers o f muslin to remove hyphal
fragments and then centrifuged at 5000 r.p.m. for 10 minutes. Following
centrifrigation, the supernatant was decanted and the spores suspended in sterile
distilled water. The concentration of spores was determined using a haemocytometer
(Improved Neubauer, Webber Scientific International Ltd, 40 Udney Park Road,
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Teddington, Middlesex, U.K.) and then adjusted to the required concentration.

InQC.iriatiQH of jSfifid

Surface sterilized seeds were inoculated with spores at the rate of 10^ F.
culmorum spores and 10^ M nivale spores per 25 g seed. The seed and spore
suspension were mixed together in a 250 ml conical flask and shaken by hand for
three minutes.

IsfllfttioiLfirom Ftofft Material

(i)Sssd
Four hundred surface sterilized seeds were transferred aseptically onto PDA
supplemented with the antibiotics streptomycin sulphate (100 pg ml^), neomycin
sulphate (50 pg ml‘*) and chloramphenicol (50 pg ml’^) to exclude bacterial
contaminants. Five seeds were placed on each Petri dish. The Petri dishes were then
sealed with ‘Tarafilm” and placed in an unilluminated incubator at 15°C. After 10-14
days the resultant fungal colonies were examined and identified.

(ii)
The bottom 20 mm of the stem-base was cut transversely from each seedling
using a sterile scalpel. Excised stem-base segments were then surface sterilized in a
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solution of sodium hypochlorite (1% available chlorine) for three minutes and then
washed three times in sterile distilled water. Surface sterilised stem segments were
then transferred aseptically onto sterile filter paper to dry in a flow of sterile air
before placing onto PDA. Dry stem-base segments were placed five to a 9 cm Petri
dish onto PDA siqjplemented with the antibiotics streptomycin sulphate (100 pg ml'^),
neomycin sulphate (50 pg ml'^) and chloranq)henicol (50 pg ml'^) to exclude bacterial
contaminants. The Petri dishes were sealed with ‘Tarafîlm” and then placed in an
unilluminated incubator at 15 °C. After 10-14 days the resultant fungal colonies were
examined and identified.

(iii) Wheat
Plants were washed under running water to remove soil particles. Cylindrical
segments 40 mm in length, which included the lowest node, were cut transversely
from the stem-base of each main tiller using a sterile scalpeL Excised stem sections
were then surface sterilized in a solution of sodium hypochlorite (1% available
chlorine) for three minutes and then washed three times in sterile distilled water.
Surface sterilised sections were then transferred aseptically onto sterile filter paper
to dry in a flow of sterile air. When dry, each stem-base section was cut
longitudinally in half using a sterile scalpel. One half of the stem-base section was
placed onto 15 ml o f PDA in a Petri dish and the other onto 15 ml of PDA amended
with benomyl (Benlate 500 g kg‘^benomyl, Du Pont U.K. Ltd, Agricultural Products
Dept, Wedgwood Way, Stevenage, Hertfordshire, U.K.) (10 pg ml'*). Both media
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were supplemented with the antibiotics streptomycin sulphate (100 pg ml’*),
neomycin sulphate (50 pg ml *) and chloranq)henicol (50 pg ml’*) to exclude bacterial
contaminants. The Petri dishes were sealed with “Parafilm” and then placed in an
unilluminated incubator at 15 °C. After 10-14 days the resultant fungal colonies were
examined and identified.

Identification of Isolates

(?) Colo^p characteristics and spore nwrpholagy
In most cases M. nivale and F. culmorum isolates could be identified fix>m
their colony characteristics and spore morphology when grown on PDA. However,
isolates vriiich proved difficult to identify were grown on PSA and SNA. After 10-14
days at 20°C with a 12 hour liÿit/dark regime colonies on PSA plates had developed
a characteristic morphology and pigmentation, and cultures on SNA plates produced
uniform macroconidia. Cultures were then identified from colony characteristics and
microscopic examination of conidia and conidiogenous cells.

(n) Molecuiar class^ication ofM. nivale isolaUssi mio the stühgropps M. Divalcji%&
nivale and M. nivale var. majns using a random atnpHfiedpolymorphic BNA
(MAFDXMSm
Classification of M. nivale isolates into the sub-groups M. nivale var. nivale
and M. nivale var. mcgus using a random amplified polymorphic DNA (RAPD) assay
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(Lees et. al, 1995) was performed by D. W. Parry and H. N. Rezanoor and details of
the technique used can be found in Parry et al. (1995).

Assessment of the Rate of Seedling Emergence

The wheat seedlings that emerged were counted daily. Final emergence was
assessed 24 days after planting when no further seedlings had emerged on five
successive days. The mean seedling emergence time in days was calculated using
Equation 1 (Khah et a l, 1986). Where n is the number of seedlings which emerged
on day D, and D is the number of days firom planting. The mean rate of emergence
was calculated as the reciprocal of the mean seedling emergence time in days .

mean seedling emergence time (days) = (D x n )
n

Equation 1

Disease Assessment

The severity of seedling disease was assessed in three ways. The first and most
severe synqrtom was pre-emergence death (non-emergence). The second most severe
synq>tom was post-emergence death. The third and least severe symptom of disease
was an assessment of necrosis on emerged seedlings. The seedlings were assigned one
of five disease values (0, 1, 2, 3 or 4) according to the severity of the symptoms
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present (Table 5) and an overall disease score was then calculated. The sum of the
individual seedling disease values was divided by the product of maximum disease
value (4) and the number of seedlings assessed, and then multiplied by 100. The
minimum and maximum disease scores possible were 0 and 100 respectively.

Table 5 Key used to assess the severity of Fusarhan seedling blight symptoms caused
by Microdochium nivale, on wheat seedlings.
Disease symptoms

Value

None

0

1-2 lesions on the coleoptile

1

More than 2 separate lesions on the coleoptile

2

Total necrosis of the coleoptile

3

Total necrosis of the coleoptile and deformed seedling growth

4

Soil W ater

(?) Determination o f soil water contejA
The water content of the soil was determined by oven drying (Anon., 1977a).
Five 30 g sub-samples of compost were oven dried at 102°C to constant weight. Each
sub-sample was then reweighed and the percentage soil water content by mass was
calculated from the difference in weights before and after drying and presented as a
36

percentage of the mass of dry soil (equation 2).

Weight of wet soil - wdgfat of drv soil x 100 = Soil water contait by mass (%)
Weight of dry soil

Equation 2

(ii) Peterm natwRitCismll wOler retentwn çmy.e
Soil water retention curves relating soil water content by mass to soil matric
potential for John Innes seed and John Innes No. 2 compost were obtained by the
pressure membrane method (Anon., 1977b). A 1 kg sanq)le of soil was passed through
a 5 mm sieve, saturated with water and left to stand for two days. Sub-samples (50
g), of the water saturated soil, were placed in each of twelve separate pressure cells.
The cells were then sealed and allowed to drain under applied pressure. The pressures
used were; 0.06 MPa, 0.08 MPa, 0.10 MPa, 0.15 MPa, 0.20 MPa, 0.30 MPa. Two
rq)licate cells were used at each pressure. These constant pressures were applied to
the cells ftn* 10 days to allow the system to reach equilibrium. When at equilibrium,
each cell was depressurised and the soil divided into two ftirther sub-samples.
The percentage soil water content by mass was then calculated using equation
2. The mass of water was then plotted against the logarithm of the applied pressure.
The line of best fit gave the soil water retention curve for the soil.
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CHAPTERS

Comparison of methods for the detection o f M icrodochium nivale
contamination of winter wheat seed.

38

INTRODUCTION

Seed-bome inoculum of M nivale can cause seedling blight if contaminated
seeds are sown in conditions conducive to disease development Hewett (1983) sowed
seed lots of winter wheat, naturally contaminated by M. nivale, in the field and
observed differences in emergence fix)m the seed lots used. He associated the low
emergence from some seed lots to the h iÿ incidence of M. nivale detected in the seed
by agar plating (Hewett, 1965) prior to sowing. He also associated severe winter kill
of seedlings with the more heavily contaminated seed lots. The examination of wheat
seed fr»*M. nivale contamination prior to sowing can therefore play an important role
in assessing the likelihood of seedling blight symptoms in the subsequent crop.
The degree of M. nivale contamination o f a batch can be assessed using
various mediods, each of ^ c h assesses the percentage of seeds that is contaminated
by M. nivale. In official seed testing stations, seed lots are usually examined for M.
nivcde contamination following a period o f incubation. Three types of media may be
used; paper, often paper towels, sand or artificial composts or agar (Anon., 1985).
The paper towel method provides a relatively quick and inexpensive test requiring
little incubator space. Tests in sand or compost require more space, but are useful
when seed has been treated with chemicals which may cause phytotoxicity. In sand
or conqx)st the risk of phytotoxicity is reduced as the chemical seed treatment is able
to diffuse more readily away fix)m the seed into the medium than in the paper towel
test The subsequent estimation o f M. nivcde contamination using these two methods
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is based in part on the development of disease symptoms in seedlings following
incubation. If seedlings grow abnormally, or lesions develop, then they are deemed
to have come from a contaminated seed.
When the agar method is used, the estimation o f M .nivale contamination is
based on the recovery and growth of the pathogen from seeds placed on an agar
medium. Therefore, unlike the paper and sand methods where seed contamination
is based on the e?q)ression of disease symptoms, with the agar method contamination
is based on the recovery of the pathogen from individual seeds.
Seed contamination based on the visual assessment of vdieat grains is possible
for some pathogens. For exanple, “blaclqx)int”, caused by Altem aria spp. is assessed
in a sanq)le by recording the percentage of grains showing discolouration. In addition,
Grabarkiewicz-Szczesna and Chelkowski (1993) reported a relationship between the
quantity of metabolites produced by Altemaria spp. in vdieat grains and the incidence
of seeds with ^foladqwint". A similar relationship between metabolite production by
Fusarium spp. (deo^ynivalenol) and the occurrence of tombstone grains in Canadian
wheat seed was established by Shotwell et al. (1985) and Clear and Patrick (1990).
The contamination of wheat grains by Fusarium spp., most notably F. culmorum,
which was associated with a pink discolouration and shrivelling of Polish grain
(Perkowdd and Chelkowski, 1991) and F. gramlnearum which was associated with
shrivelled wheat grain with a ligjit colour in Kansas and Nebraska, U.S.A. (Bechtel
et al., 1985). However, wheat grains contaminated by Fusarium spp. can occur
frequently without any visual symptoms (Wakulinski and Chelkowski, 1993) and
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wheat grains contaminated by M nivale usually show no visual symptoms of
contamination (Chelkowski, personal communication.).
The aim of the following work was fourfold, (i) To compare the paper towel
and agar methods with respect to the estimation of M. nivale seed contamination, (ii)
To evaluate the effects of seed surface sterilization with sodium hypochlorite and
media incorporation of the fungicide benomyl on the results of the agar method, (iii)
To establish if there is a relationship between M. nivale contamination of wheat seed
and the shrivelling or discolouration of individual grains, (iv) To evaluate the
suitability of seed samples for use in subsequent experiments.

MATERIALS AND METHODS

(D Compflrison of the Paper Towel and Agar Methods for the Estimation of M,
nivale Contamination of W inter W heat Seed

Fourteen seed lots of wheat seed naturally contaminated by M. nivale were
used in diis study. The seed lots used were Nos 1,2, 3, 6,11, 12,13, 15,17, 18,19,
20,21, and 23 (Table 3). Details are given in Table 6.

The pc^er towel m ethod
For each of the 14 seed lots tested, four replicates of 100 seeds were placed
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evenly on three layers of separate paper towels which had been pre-moistened with
sterile distilled water. Each towel was then rolled to form a cylinder and secured top
and bottom with rubber bands. The paper towel rolls were then placed individually
into plastic bags, sealed with rubber bands and incubated at 20°C. Seedlings were
assessed for abnormal growth, according to the International Seed Testing Association
regulations for wheat seedling growth defects (Anon., 1985), and the development of
seedling bligbt symptoms after 14 days.

The agar method
Four hundred seeds from each of the 14 seed lots tested were treated with
sodium hypochlorite (NaOCl) (see Chapter 2) and then placed crease down onto
potato dextrose agar (PDA) supplemented with the antibiotics streptomycin sulphate
(100 pg ml"*), neomycin sulphate (50 pg ml"*) and chloranq)henicol (50 pg ml"*) (see
Chapter 2), five to a Petri dish. The resultant fungal colonies were identified on the
basis of their colony and spore morphology after incubation for 14 days at 15°C.

Dm matxsh
Data were analysed using the Maim-Whitney U test. Statistical analysis was
performed on a personal computer using the software program Statgraphics
(Manugistics, Maryland, U.S.A.).
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Table 6 Code number and cultivar of the batches of winter wheat seed used.
code

cultivar

code

cultivar

1

Admiral

15

Riband

2

Avalon

17

Riband

3

Beaver

18

Riband

6

Haven

19

Riband

11

Hunter

20

Riband

12

Hunter

23

Slejpner

13

Lynx

21

Riband

(ii\ The Kffect of Seed Snrfiice Sterilization and The Incorporation of Benomyl

W o Potato P c rtm e Agar om the Recovery of Mr goMfeAam Wheat SectL

Six (13, 15, 17, 18, 19 and 20 (Table 3)) o f the 14 seed lots were used to
investigate the effects that seed surfoce sterilization and the incorporation of benomyl
into potato dextrose agar had on the recovery of M nivale from seed.
Four treatments were used (Table 7). One hundred and sixty seeds from each
seed lot were treated with sodium hypochlorite (NaOCl) 1% available chlorine for
three minutes (see Chapter 2). Eighty o f the seeds were placed crease down five to
a Petri dish onto PDA supplemented with the antibiotics streptomycin sulphate (100
pgml *), neomycin sulphate (50 pg ml *) and chloran^henicol (50 pg ml *) (Treatment

43

1), and the remaining 80 onto PDA supplemented with the antibiotics streptomycin
sulphate (100 pg ml'*), neomycin sulphate (50 pg ml"*) and chloramphenicol (50 pg
ml"*) and amended with benomyl (10 mg/1) (Pettitt et a l, 1993) (Treatment 3). A
further 160 seeds from each seed lot were treated with sterile distilled water. Eigjity
of the seeds were then placed crease down five to a Petri dish onto PDA (Treatment
2) and the remaining 80 onto PDA amended with benomyl (10 mg/1). Again the PDA
was supplemented with antibiotics as previously described.

Dm mabtm
Data were analysed using analysis of variance. Statistical analysis was
performed on a personal computer using the software program Statgraphics.

Table 7. List of treatments used to investigate the effects of seed surface sterilization
by sod iu m h yp och lorite (NaOCl) and potato dextrose agar (P D A ) amended w ith
benomyl on the recovery of Microdochium nivale fix)m winter wheat seed.
Number

Treatment

1

NaOCl pre-treatment and benomyl-amended PDA

2

HgO pre-treatment and benomyl-amended PDA

3

NaOCl pre-treatment and PDA

4

HgO pre-treatment and PDA
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(üi) The Relationship between M. nivale C oabW aatim uuw iihe Appearancc-Of
Wheat Seeds

Three of the 14 seed lots were used to investigate the relationship between
shrivelled and discoloured seed and contamination by M. nivale. The seed lots used
were numbers 15,18 and 19 (Table 6). Seven hundred seeds from each of the three
seed lots were individually examined for shrivelling and discolouration and assigned
to one of four categwies (Table 8). Microdochium nivale contamination of individual
seeds was then established following incubation on agar (see above).

D rn m a b im
Data were analysed using contingency tables and the chi squared test
Statistical analysis was performed manually with the aid of a pocket calculator.

Table 8. List of categories to which individual seeds were assigned following visual
examination
Category

Seed features

1

Non-shrivelled seed with no discolouration

2

Non-shrivelled seed with discolouration

3

Shrivelled seed with no discolouration

4

Shrivelled seed with discolouration
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RESULIS

(ft A Comparison of the Paper Towd and Agar Methods for the Estimation of M.
nivale Contamination of Winter Wheat Seed

For the seed lots tested the percentage of seeds contaminated by M. nivcde
ranged from 3.5% to 72% as estimated by the paper towel method and from 4% to
72% as estimated by the agar method (Figure 2). The results from the two methods
for an individual seed lot were often dissimilar. However, differences between the
two methods were generally small and statistical analysis of the data showed them not
to be significant (P = 0.818).

(ii) The Effect of Seed Sgrfagg SterilMatinn and the Incorponitimi of Benomyl into
Potato Dextrose Agar on the Recovery of M. iiQ>flfeLjfrom_Whcat Seed

Differences in the recovery of M. nivale jftom seed following sterilization and
the incorporation of benomyl into PDA were observed (Table 9). The data were
analysed using foctorial analysis of variance, with seed lot, NaOCl treatment and the
addition of benomyl to agar as factors. Analysis showed that there were significant
differences between the seed lots used {P < 0.001), NaOCl treatment (P = 0.029) and
the amendment o f agar with benomyl (P = 0.008) with respect to the recovery o f M
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100

0) 70

«

30

18

13 2
19 6
3
seed lot No. (Table 3)

1

21

20

23

M PDA E3 Paper towel

Figure 2 The percentage o f Microdochium nivale contaminated seed in 14 lots of wheat
seed (Table 3 ) as estimated by the paper towel and agar methods. Seed lots are ranked
according to M. nivale contamination as estimated by the paper towel test.
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nivale. However, there was a significant interaction (P = 0.008) between these three
factors indicating that the effects of NaOCl pre-treatment and the use of benomyl
amended agar were different wiüi respect to each seed lot tested. For this reason, only
individual treatment means are given in Table 9. The isolation of M. nivale isolates
from seed lots 17 and 20 was unaffected by the treatments used (P = 0.05). However,
differences were seen for the remaining seed lots. Pre-treatment with NaOCl and the
use o f benomyl amended agar significantly reduced (P = 0.05) the recovery of M.
nivale compaied with no NaOCl pre-treatment and the use of PDA and PDA amended
with benomyl with seed lots 18 and 19 respectively. No NaOCl pre-treatment and
PDA widiout benomyl significantly reduced (P = 0.05) the recovery of M nivale fi*om
seed lot 15 compared to the other three treatments. In contrast pre-treatment with
NaOCl significantly reduced (P = 0.05) the recovery of M. nivale viien PDA without
benomyl was used.

(iiiftJM RfitetilQiiship between

The Appearance of

Wheat Seeds

The percentage of M nivale contaminated seeds in each appearance category
is given in Table 10. Overall, there was no obvious association between the seed
appearance characteristics examined and M. nivale seed contamination.
Microdochium nivale was recovered fix)m both shrivelled and non-shrivelled seeds
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and from seeds with and without discolouration. However, there were differences
between the seed lots with respect to the percentage of M. /irva/e-contaminated seeds
within each appearance category. The greatest contamination (75%) was seen from
shrivelled discoloured seed from seed lot No. 15 and the least (0%) from shrivelled
discoloured seed from seed lot No. 19.

Table 10 The percentage of Microdochium nivale contaminated seed in each of the
seed appearance categories for seed lots 15, 18, and 19 (Table 3).
Shrivelled seed (%)
Seed lot

Discolouration

Non-shrivelled seed (%)

no discolouration Discolouration

no discolouration

No.

15

75.0

55.4

66.9

62.1

18

25.0

25.0

28.8

23.2

19

0.0

23.1

50.0

19.9
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Table 9 Mean number of Microdochium nivale isolates recovered per Petri dish from
winter wheat seed on potato dextrose agar (PDA) or PDA amended with benomyl (10
mg/1) following pre-treatment with sodium hypochlorite (NaOCl) or water (Table 2).
Treatment
+ NaOCl,

no NaOCl,

+ NaOCl,

no NaOCl,

+ benomyl

+ boiomjd

no beoomjd

nobenomyi

13

1.63

1.94

1.12

2.56

15

3.25

3.19

2.56

0.88

17

2.00

2.19

1.62

1.88

18

1.62

2.00

1.44

2.31

19

0.69

1.44

1.00

1.31

20

0.18

0.18

0.06

0.12

SEM = 0.262

D of F = 360

CV = 67%

Seed lot (No.)

m scusjSHM

The paper towel and agar methods were not found to be significantly different
with req^ect to foeir estimates of the percentage M. nivale contamination of the seed
lots tested. This suggests that either of the assessment criteria used ie. disease
synq)toms or abnormal seedling growth or the recovery of the pathogen from seed
gives a representative estimate of M. nivale contamination. However, differences
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between the estimates of contamination for a given seed lot were seen with different
NaOCl and benomyl treatments when seeds were placed on PDA.
A sodium hypochlorite pre-treatment (0.5% for 10 minutes) was found by
Limonard (1968) to increase the recovery of M. nivale from wheat seeds. In two
separate esqjeriments he found that NaOCl pre-treatment increased the percentage of
M. nivale recovered on PDA from 29% and 26% to 30% and 29% respectively, and
from 12.8% and 26.0% to 15.5% and 34.3% respectively. He attributed the increase
in die recovery of M. nivale following pre-treatment to the removal o f other frmgi. He
suggested that the removal of pathogens like the Fusarium spp., Septoria nodorum
and the saprophytes Altemaria spp. and Epicoccum nigrum allowed the slow growing
and usually masked M. nivale to be identified. The increased isolation of M nivale
from vdieat seed following NaOCl pre-treatment was also observed by De Tempe and
Limonard (1973). They examined 137 samples of wheat seed following immersion
in NaOCl (0.5%) for 10 minutes and then incubation on PDA! On average the
recovery of M. nivale increased following pre-treatment fix>m 12.8% to 16.2%,
although they did not say if this increase was observed in each of the 137 seed
sanq)les. In the present study there was little evidence to suggest that treatment with
NaOCl increased the recoveiy of M. nivale from seed. However, die seed lots selected
for use in this study were largely free fixnn fungal contaminants other than M nivale,
and contained other pathogens at only trace levels.
Limonard (1968) also h iÿ ili^ ted the role of bacteria in the unsuccessful
recovery o f M. nivale fixim seeds on PDA. He found that certain bacteria out
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competed M. nivale and that the addition of terramycin (100 pg / kg) stopped
bacterial growth allowing increased recovery of M. nivale. The influence of bacteria
was not examined in this study owing to the addition of antibiotics to the PDA.
However, treatment with NaOCl could have had a significant effect on bacterial
contamination.
As well as the removal of other pathogens and saprophytes firom the seeds’
surfoce following a sterilization pre-treatment, Neergaard (1977) suggested that the
sterilization pre-treatment would also remove superficial inoculum. The removal of
siqierficial M nivale on die surfrice of wheat seed was cited by Cariddi (1982) as the
reason for the observed reduced recovery of M. nivale on PDA. The recovery of M.
nivale was reduced firom 47% to 32% following pre-treatment with NaOCl (4%) for
5 minutes.
Direct evidence for the reduction in superficial inoculum following surface
sterilization was given by Bateman (1983). Bateman used phenyl mercury acetate
(PMA) as a surface sterilant on two seed lots of wheat The percentage of M. nivale
recovered firom the outer epidermis and inner pericarp and testa was significantly
lower in one o f the seed lots following treatment with 1.0 pg Hg / seed (PMA). A
reduction in the recovery of siqierficial M. nivale following pre-treatment with NaOCl
(1%) for 10 minutes was also observed by Cristani (1992). Following pre-treatment,
the percentage of M. nivale recovered firom the pericarp was reduced firom 34% to
22%, the endosperm fi*om 22% to 14%, and the embryo firom 18% to 4%. The
reduced recovery of M. nivale in the present study from seed lots 18 and 19 following
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NaOCl pre-treatment and plating on PDA with benomyl may therefore be a
combination of the reduction of seed surface inoculum and the inhibition of growth
o f benomyl sensitive isolates, although benomyl sensitive isolates should be rare
(Pettitt et al., 1993; Parry et al., 1995).
The results from the present study are therefore both in agreement with and in
contradiction to previous observations. It is clear that the successful recovery of M.
nivale from wheat seed is complex and that the individual characteristics of a given
seed lot will affect the result obtained for a given method used.
There is little evidence from previous studies that M. nivale causes visible
symptoms of contamination on wheat seed. In the present study there was only
evidence of visible symptoms of contamination in one of the seed lots (No. 19, Table
3) examined. No obvious trend was seen in the data, with shrivelled seed without
discolouration and non-shrivelled seed with discolouration having a greater number
of contaminated seed than e)q)ected. It is clear then that shrivelling or discolouration
alone cannot be considered as diagnostic features with respect to M. nivale
contamination.
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CHAPTER 4

The relationship between wheat seed weight, contamination hy
M krodochiian itiva/e and seedling disease.
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mTRQPUCTIQN

The effect of Ftisarium ear blight (FEB) caused by M nivale on the grain yield
of winter wheat is not clear. There are two conqxments of yield that could be affected
by M nivale ear infection; the number of seeds per ear and the weight of individual
seeds. Cassini (1981), in a review of Fusarhan diseases of cereals in Western Europe,
proposed that reduced yield following M. nivale ear infection was caused solely by
a reduction in thousand grain weight (TGW). However, Cassini did not offer any
evidence for this claim.
In contrast to M. nivale, the effect of Ftisarium ear blight caused by Fusarium
spp. on the yield of winter wheat is much clearer. A reduction in yield, associated
with a decrease in the weight of individual wheat seeds was demonstrated by Snyders
and Pericowski (1990) in field trials in the Netherlands following inoculation of wheat
ears with F. culmorum conidia. The mean loss of yield of 9.7% was almost
exclusively attributable to a reduction in seed weight. Fusarium graminearum has
also been shown to affect wheat yield by reducing seed weight. Wong et al. (1992)
observed that ear infection of wheat caused by F. graminearum in field plots in
Canada reduced the thousand grain weight (TGW) of seed by 34%.
The reduced TGW observed following ear infections by Fusarium spp. has
been attributed to a reduction in the weight of individual contaminated seeds
following attack by the pathogen. Bechtel et al. (1985), working with wheat seed
fi*om the U.S.A., demonstrated that F. graminearum seed contamination, identified
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by the presence o f the mycotoxin deoxynivalenol (DON) and ergosterol, was most
frequent in the lif te r seeds. Work by Nakagawa and Yamaguchi (1989) showed that
the majority of seeds naturally contaminated by what they described as Fusarium
roseum were lif te r than non-contaminated seeds in a sample of wheat in Japan.
However, in contrast to this Perkowski and Chelkowski (1991), working in Poland,
showed that the majority of Fusarium spp. contaminated wheat seeds, as identified
by DON content, were the same size as non-contaminated seeds.
The aim of the work reported here was to determine the relationship between
natural M nivale seed contam ination and the w e i^ i of individual wheat seeds and
to investigate the relationship between M nivale seed contamination, seed weight
and the subsequent severity of Fusarium seedling blight symptoms.

MATERIALS AND METHODS

(i)JheRelatioii8liipJgetweeaNatiti3aja<;^a/e.5e<xiContamin«fiop^the^^
of Individual Wheat Seeds and Germination

The frequency distributions of seeds by weight for three seed lots of winter
wheat seed cv. Riband (Nos 15, 18 and 19 (Table 3)), naturally contaminated by M.
nivale were produced Seven hundred seeds were taken at random fix)m each seed lot,
individually weighed and placed in one of e i^ t weight categories; 10-20 mg, 21-30
mg, 31-40 mg, 41-50 mg, 51-60 mg, 61-70 mg, 71-80 mg and 81-90 mg.
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The number of seeds contaminated by M. nivale was determined by isolating
the pathogen from individual seeds. Seeds were placed in a solution of sodium
hypochlorite (NaOCl) (1% available chlorine) for three minutes. Seeds were then
washed three times in sterile distilled water, placed on sterile blotting paper and then
dried in a flow of sterile air. The surface sterilized seeds were transferred aseptically
onto PDA supplemented with the antibiotics streptomycin sulphate (100 pg ml"^),
neomycin sulphate (50 pg ml"^) and chloramphenicol (50pg ml"^). Five seeds were
placed on each Petri dish. The Petri dishes were then sealed with “Parafilm” and
placed in an unilluminated incubator at 15°C. After 14 days the resultant fungal
colonies were examined and identified on the basis of their colony characteristics.
The number of seeds in each weigjit category producing M nivale colonies was
counted. This allowed the production of frequency distributions by seed w e i^ t for
contaminated seeds.
The germination of winter wheat seeds on PDA was assessed after 14 days.
Seeds were deemed to have germinated successfully if they had reached growth stage
(GS) 09 (Zadoks et al., 1974). The number of M. nivale contaminated and noncontaminated seeds which had germinated were counted and e^ressed as a
percentage of the total in each w e i^ t category.
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(il) The RdatioBship between M. nivale Seed rantamimitioB. Seed Weight and
the Severity of Fusarium Seedling Blight and Subséquent Seedling Grawth

Sixteen treatments were used in this e^qperiment (Table 11). Each treatment
contained either heavy or l i ^ t seeds from one of four seed lots of winter wheat cv.
Riband (Nos 15,18,19 naturally contaminated by M. nivale and 22 without M nivale
contamination (Table 3)). Half of the seed was treated with a fongicide seed treatment
(guazatine), the other half was untreated.
From each of the four seed lots, 166 large seeds and 166 small seeds were
selected at random. This produced eigbt seed samples. Seeds in each of the eigbt
samples were then weighed individually and the mean seed weight for each sample
was calculated (Table 11). Seeds from each sangle were then surface sterilized in
NaOCl as described previously. The seeds were then divided into two equal subsaihples of 83 seeds. O f the sixteen sub-samples produced, e i^ t were treated with
Rappor (50g 1'^ guazatine, DowElanco) at the rate of200ml (100 kg)

o f seed by

mixing the seed and seed treatment together in a 125ml glass screw cap bottle. The
other eight sub-samples were left untreated.
Sixteen seeds from each treatment were planted to a depth of 2 cm onto 230g
of sterile con^post John Innes No.2 in plastic pots (70 x 70 x 80mm). Before planting
the compost was passed through a 5 mm sieve and then sterilized at 121°C for 60
minutes three times with 24 hours between sterilizations. Five replicates of each
treatment were used giving a total of 80 pots which were placed in a controlled
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environment cabinet (Conviron, Controlled Environments Ltd, Winnipeg, Manitoba,
Canada) according to a folly randomised block design. Environmental conditions
were set to 8°C for 8 h of light and 6°C for 16 h of darkness and 75% relative
humidity.

Assessm ents o f seedling emergence, disease
The number of emerged seedlings per tray was counted daily until no further
seedlings emerged on five successive days. The mean seedling emergence time in
days was calculated using Equation 1 as previously described (Khah et al., 1986)
(Chapter 2). The mean rate of emergence was calculated as the reciprocal of the mean
seedling emergence time in days.
The severity of disease on emerged seedlings was assessed visually 24 days
after planting. The seedlings were assigned one of five disease values (0 ,1 ,2 ,3 , or
4) according to the severity of the symptoms present (Table 5). The sum of the
individual seedling disease values was then divided by the number of seedlings
assessed per pot to produce a mean disease score per seedling.
Following disease severity assessment, foe length of coleoptile, shoot and roots
of each seedling were measured. Seedlings were then oven dried at 102°C to constant
weight, and their weight recorded.

Coleoptile length, shoot length, root length and mean symptom severity scores
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were analysed statistically using analysis of variance (ANOVA). Analysis was
performed on a personal computer using the software program Statgraphics.

Table 11 Treatment numbers, seed lot number, mean seed weight of winter wheat
seed and fungicide treatment used in the experiment.
Seed lot

Seed weight
category

Mean Seed
weight (mg)

Fungicide
(guazatine)

1

15

heavy

5.87

yes

2

15

heavy

5.81

no

3

15

light

1.82

yes

4

15

light

1.88

no

5

19

heavy

4.99

yes

6

19

heavy

4.93

no

7

19

li#

1.51

yes

8

19

liÿ it

1.50

no

9

18

heavy

5.58

yes

10

18

heavy

5.41

no

11

18

light

2.13

yes

12

18

light

2.17

no

13

22

heavy

4.95

yes

14

22

heavy

5.12

no

15

22

light

2.18

yes

16

22

light

2.01

no

ment No.
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RESULTS

(i) The Relatioiiship between M nivale Contaminatiop. the Weight of Individual
Wheat Seeds and the Germination of Seeds Grown on PDA

Frequency distributions of seeds by w ei^ t were generated for each of the seed
lots tested (Figures 3,4 and 5). The frequency distributions of M. nivale contaminated
seeds were very similar on a seed lot basis to the distribution of seeds as a whole.
The germination of M nivale contaminated seeds was poor (seed lot No. 15
= 22%, No. 19 = 24% and No. 18 = 21%). There was no clear relationship between
contamination, seed w ei^ t and the germination of seed lot number 18 (Figure 8). The
germination of light (10-20 mg) contaminated seeds from seed lots numbers 15 and
19 was lower, 0% and 25% respectively, than for heavy (71-80 mg) contaminated
seeds, 36% and 100% respectively (Figures 6 and 7).
In contrast to M. nivale contaminated seeds, the germination of
uncontaminated seeds was good (seed lot No. 15 = 94%, No. 19 = 96% and No. 18
= 99%) and was unaffected by seed weight (Figures 6, 7 and 8).
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Figure 3 Frequency distribution by weight of wheat seed (lot No. 15, see Table 3).
Microdochium nivale contaminated and non-contaminated seed in each weight category are
presented.
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Figure 4 Frequency distribution by weight of wheat seed (lot No. 19, see Table 3).
Microdochium nivale contaminated and non-contaminated seed in each weight category are
presented.
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H contaminated □ non-contaminated
Figure 5 Frequency distribution by weight of wheat seed (lot No. 18, see Table 3).
Microdochium nivale contaminated and non-contaminated seed in each weight category are
presented.
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Figure 6 The percentage of Microdochium nivale contaminated and non-contammated
wheat seed (lot No. 15, see Table 3) in each weight category that had germinated on potato
dextrose agar after 14 days at 15°C.
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Figure 7 The percentage of Microdochium nivale contaminated and non-contaminated
wheat seed (lot No. 19, see Table 3) in each weight category that had germinated on potato
dextrose agar after 14 days at 15°C.
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Figure 8 The percentage oïMicrodochium nivale contaminated and non-contaminated
wheat seed (lot No. 18, see Table 3) in each weight category that had germinated on potato
dextrose agar after 14 days at 15°C.
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(iU Thfi-JMatiimslrip between

Seed Weight and the

Emcrgcmcc-of Wheat ScciHiffgs

Light seeds emerged significantly {P < 0.001) foster than heavy seeds (Table
12). On average light seeds emerged 1.4 days before heavy seeds.
In the absence of fungicide, significantly more (P = 0.006) light seeds emerged
than heavy seeds. This effect was most pronounced between light and heavy seeds
fi*om seed lot number 19 where significantly (P = 0.008) more seedlings emerged
firom light seeds (82.5%) than fiom heavy seeds (57.5%) (Table 12).
The emergence of fungicide treated seed was good (> 90%) for both light and
heavy seed with the exception of heavy seed (74%) firnm seed lot number 19 (Table
12).

(iii) The Relationship between M. nivale Seed Contaroination. Seed Weight and

the Severity of Fmmimn Seedling Plight Symptoms

Only data fimm treatments where no fungicide was used were analysed
statistically, as guazatine treatment of seed resulted in almost total elimination of
disease symptoms (maximum disease score recorded 0.036).
In the absence o f fungicide, significantly higher disease scores were given to
seedlings from heavy seed than to seedlings firom light seed (Table 12). The mean
seedling disease score firom all contaminated lots was 1.21 for heavy seeds and 0.60
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for light seeds.

(iv) The Relationship between M nivale Seed Contamination. Seed Weight and
Scedhpg Growth

Root length
Heavy seeds produced seedlings with longer roots than l i ^ t seeds and this
relationship was observed for seeds either treated with or without fungicide (P <
0.001) (Table 12). On average, treatment with fungicide did not result (P = 0.785) in
an increase in root length and a relationship between seed weight, fungicide treatment
and a reduction in root length caused by the pathogen is not easily seen.

CQHeçptile.j£ngtk
Microdochium nivale seed contamination significantly reduced coleoptile
length (P < 0.001). The mean length of coleoptiles, for both heavy and large seeds
with or without seed treatment, decreased firom 34.3 mm to 29.9 mm as the number
of contaminated seeds increased. The effect o f seed weight on coleoptile length was
not significant (P = 0.793), and neither was there an interaction between seed weight
and seed contamination (P = 0.310) (Table 12).

Shoot length
Microdochium nivale seed contamination, seed weight and fungicide treatment
all had a significant effect on shoot length (P < 0.001). Guazatine treatment resulted
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Table 12 The relationship between the w ei^ t of Microdochium nivale contaminated
Wieat seeds (Table 3) and guazatine seed treatment with respect to their effect on the
emergence and subsequent growth of seedlings at 6°C.
seed lot
No.

seed
w e i^ t
category*

rate of
seedling
onergm ce

No. of
emo-ged
seedlings

root
loigth
(mm)

cole(q)tile

jBrstleaf

\e n ^
(mm)

leagdi
(mm)

seedling
dry w cig^
(g)

disease
score

(1/days)
untreated seed
15

heavy

0.0466

4.0

84.1

25.9

105.9

0.198

1.40

15

light

0.0537

5.0

73.7

27.3

111.4

0.077

0.96

19

heavy

0.0464

9.2

92.9

29.0

107.8

0.414

0.88

19

light

0.0487

13.2

76.2

30.4

108.9

0240

0.31

18

heavy

0.0540

11.8

89.1

30.8

120.0

0.474

1.36

18

light

0.0520

13.4

70.0

29.2

103.4

0.171

0.53

22

heavy

0.0550

15.6

79.8

36.2

139.6

0.667

0.00

22

light

0.0574

15.6

61.4

33.0

124.7

0256

0.13

gmzRtms treated
seed
15

heavy

0.0544

15.8

793

353

125.0

0.784

15

light

0.0588

14.6

89.1

31.1

117.3

0235

19

heavy

0.0442

11.8

91.8

31.6

118.5

0.542

19

light

0.0524

14.2

74.4

32.8

115.5

0252

18

heavy

0.0562

15.4

82.7

33.9

1273

0.652

18

light

0.0558

15.2

71.9

32.3

114.6

0205

22

heavy

0.0559

152

72.8

35.3

1362

0.569

22

light

0.0642

15.8

61.6

32.6

131.8

0276

SEM

0.00148

0.71

4.28

132

3.56

0.0250

0.246

D ofF

64

64

64

64

64

64

32

CV

6.2

12.4

12.2

93

6.5

15.0

72

* for specific mean seed weights see Table 11.
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in an increase in mean shoot length. The mean shoot length from treated seed was 115
mm and from untreated seed 123 nun. There was a significant interaction between
seed contamination and seed weight (P = 0.014) making the overall effects of
contamination and w e i^ t less clear. The shoot height of seedlings from seeds
treated with guazatine decreased with increasing seed contamination, with heavy
seeds producing seedlings with longer shoots than li^ t seeds. In contrast, when seeds
were not treated with guazatine, heavy seeds firom lots with no M nivale
contamination (No. 22) or low contamination (No. 18) produced seedlings with
longer shoots than li^ t seeds. When the percentage of M. wrva/e-contaminated seeds
was higher (seed lot No. 15 and 19), l i ^ t seeds produced seedlings with longer
shoots than heavy seeds (Table 12).

Seedling dry weight polpkA
Microdochium nivale seed contaminatim, seed w ei^ t and fimgicide treatment
all had a significant effect on the mean dry weight of seedlings per pot (P < 0.001).
Mean seedling dry weight was greater for seedlings produced firom heavy seeds than
firom light seeds, and treatment with guazatine increased seedling dry weight when
applied to contaminated seed (Table 12).
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DISCUSSION

This work has shown that there is no clear relationship between natural
contamination of Wieat seed by M. nivale and the weight of individual wheat seeds.
Within each seed lot, contaminated and non-contaminated seeds were distributed by
weight in similar near normal distributions. It is often assumed, although there is no
published evidence, that, like Fusarhan spp., the M. /irva/e-contaminated component
of a seed lot is comprised mainly o f smaller, lif te r seeds. However, in this study,
RiTiflll light seeds were as likely to be contaminated by M. nivale as large heavy seeds.
Therefore, unlike F roseum, Wiere the "cleaning" of naturally contaminated seed lots
was possible by the removal of small liÿit seeds (Nakagawa and Yamaguchi, 1989),
M. nivale contaminated seed lots cannot be "cleaned” on the basis o f seed size and
weight.
Wheat seed contamination with M. nivale is often associated with reduced
germination (Rennie et al., 1990) and reduced emergence (Cockerell, 1995). In the
investigation in this chapter the relationships between M. nivale seed contamination,
seed w ei^ t and Wieat seed germination and emergence were different. More heavy
contaminated seeds germinated than light seeds, although more seedlings emerged
from light contaminated seeds than from heavy ones. The nutrient status of the
growing medium was demonstrated by Shen (1940) to have an effect on the pre
emergence death of wheat seedlings. Fewer seedlings were killed when grown in the
absence of nutrients. The effect of nutrient status of the growth medium may go some
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way to &q)lain the differences observed between the PDA and soil experiments. The
germination test was performed on a nutrient rich medium (PDA), whilst seedling
emergence was assessed in a soil-based compost presumed to be of lower nutrient
status. The high nutrient medium in the germination experiment may have fevoured
the growth of the fungus, which relies on an external siqjply of nutrients. With a large
supply of nutrients in the PDA, small light seeds could be overgrown rapidly by the
fungus. However, in a soil-based compost with a much reduced nutrient status the
fungus would be more reliant on the seed as a food source. Heavy seeds with large
endosperms would provide more nutrients for fungal growth and subsequent seedling
attack than small light seeds.
Seedlings from small light wheat seeds emerged more quickly than from larger
heavy seeds, on average reaching mean emergence 1.4 days earlier. The faster
emergence of seedlings from small wheat seeds has been recorded by Lafond and
Baker (1986a). Lafond and Baker studied the effect of seed size on the speed of
seedling emergence in the field in two consecutive years using nine spring wheat
cultivars. They found that small, l i ^ t seeds of mean weight 26.3 - 33.1 mg (year 1)
and 25.9 - 45.3 mg (year 2) emerged faster than larger heavier seeds 35.8 - 45.7mg
(year 1) and 39.3 - 49.8 mg (year 2) irrespective of the cultivar used. In addition,
subsequent studies using the same Wieat cultivars (Lafond and Baker, 1986b) showed
that small light seeds germinated foster than larger heavier seeds. In the work reported
here, it appeared that the foster seedlings emerge, the greater their chance of escaping
infection. Microscopic investigation of the mycelial growth of M nivale and the

73

subsequent infection of li^ t and heavy seeds placed in a range of media may provide
information as to the cause of these observations.
Disease symptoms on emerged seedlings were, on average, more severe on
seedlings from heavy seeds than from light seeds despite seedlings from heavy seeds
appearing to be more vigorous. Heavy seeds produced seedlings with a mean weight
of 0.045 g and l i ^ t seeds produced seedlings with a mean weight of 0.016 g.
The relationship between M. nivale contamination, seed weight and the
growth of seedlings was complex. Overall, there was no clear relationship between
M. nivale contamination, seed weight and seedling growth. Heavy seeds treated with
guazatine produced virtually disease free seedlings with longer shoots than lighter,
treated seed, for each of the seed lots used. A similar observation was made by
Lafrmd and Baker (1986a). In field trials using nine different cultivars of spring wheat
over two years th ^ observed that seedlings firom heavy seed accumulated more shoot
dry w ei^ t than seedlings firom light seed. However, in the present study, when seed
was not treated with guazatine, heavy seeds produced seedlings with the longest
shoots only when seed contamination was low. When the percentage of seeds
contaminated by M nivale was high, seedlings firom light seeds had the longest
shoots. It appears therefore, that seedlings firom small light contaminated seeds were
not as severely affected by M. nivale infection as seedlings firom larger heavier
contaminated seeds.
It is known that small, light wheat seeds produce smaller less vigorous
seedlings than heavy wheat seeds (Lafond and Baker, 1986a). It has also been
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reported that small Wieat seeds are the major Fu^or/um-contaminated component of
a batch (Bechtel et al., 1985; Nakagawa and Yamaguchi, 1989). On this basis small
seeds could be removed from a batch of Fusarium contaminated wheat leaving just
the larger more vigorous seeds which are free from contamination. However, it can
be seen from the work presented here that the removal of small, l i ^ t seed from a
batch of v/heat naturally contaminated by M. nivale would not reduce the percentage
of seeds contaminated by M. nivale. In addition, in the absence of a frmgicide seed
treatment, the selection of larger seed for sowing could result in lower seedling
emergence and more severe post-emergence disease symptoms than if the
"uncleaned” batch was sown.
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CHAPTER 5

The effect o f temperature and soil water on the severity o f Fusarium
seedling blight and the relationship between the rate o f seedling
emergence and pre- emergence seedling death.
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INTRODUCTION

It is clear from previous studies that temperature and soil water have a marked
effect on the severity of Fusarium seedling b li^ t symptoms (Dickson, 1923; Shen,
1940; Colhoun and Paric, 1964; Colhoun et al., 1968; Millar and Colhoun, 1969 and
Duben and Fehrmann, 1979), and that there is some evidence from work with F.
culmorum and wheat seedlings to suggest that the rate of seedling emergence is
closely related to the subsequent severity of seedling blight symptoms (Malalasekera
and Colhoun, 1968). However, little work has been performed with wheat seed
naturally contaminated by M. nivale and little is known about the relationship
between the rate of emergence of seed naturally contaminated by M. nivale and pre
emergence seedling death.
The aim of this work was to in v ^ g ate the effect of ten^perature and soil water
cm the pre-emergence death of seedlings and to investigate the relationship between
foe rate of seedling emergence and pre-emergence seedling death for seed artificially
inoculated with either M. nivale or F. culmorum macroconidia and seed naturally
contaminated by M. nivale.
In foe previous studies (Dickson, 1923; Shen, 1940; Colhoun and Park, 1964;
Colhoun et al., 1968; Millar and Colhoun, 1969; Cassell and Hering, 1982) foe
maximum value of soil water content either maximum water holding capacity
(MWHC) or soil moisture content (0 J measured gravimetrically and expressed as a
percentage by mass, was used to represent foe soil water status over foe entire period
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of each e?q3eriment Colhoun and Park (1964) and Colhoun et a l (1968) assessed the
effects of soil water using three soils with decreasing MWHC. Pots containing soil
were w eired at the start of their experiments and rewatered to their original weigjit
three times a week. In contrast, Cassell and Hering (1982) used soils that were
watered daily to a maximum soil water content (w/w). However, Oyarzun et a l
(1994) observed that watering the surface of soil to a maximum soil water value can
result in large differences between maximum and minimum soil water values. In
addition, this difference in soil water would increase as the interval between soil
watering was lengthened. Therefore, if a maximum value of soil water is used and
water is lost from the soil by plant uptake or evaporation from the soil surface, the
maximum value will not be maintained without continuous correction for the losses.
If continuous correction is not performed then the use of the maximum value of soil
water, as a measure of the soil water status over the entire e^erim ent seems
unjustifiable.
When investigating the effect of soil water on the infection of wheat
coleoptiles by F. gramineanim, Liddell and Burgess (1988) minimised water loss
fix)m the soil by plant uptake and evaporation by using thin wax layers placed in the
soil above germinating seeds and on the surface of the soil. This technique allowed
the maintenance of a constant soil water value in the enclosed soil. However, the
technique was only considered suitable for the study of coleoptile infection in soils
containing the pathogen because of limitations resulting fit)m the long time required
for soil water equilibration, the possible reduction in oxygen supply caused by the
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wax layers, and the requirement for the exclusion of plant roots from the enclosed
soil. This method is therefore of little use when investigating the effect of soil water
on seed-home pathogens and the subsequent emergence o f wheat seedlings.
In the course of the present investigations it was realised that the method used
to maintain soil water (Colhoun and Park, 1964) was not very precise or easily
reproducible. An investigation to ascertain the most q)propriate measure of soil water
and how best to maintain this value was investigated in simple pot e?q>eriments. The
results of this investigation will be presented first in this chapter.
The value used to measure soil water is also important. Previous workers used
MWHC and 8^ as measurements of soil water status. However, these are unique to
the individual soils, and it is therefore impossible to repeat work accurately without
using identical soil and watering regimes. Soil matric potential (\|rJ was therefore
selected as a measure of sod water for the present study as this measures the
availability of water to plants and pathogens and can be readily compared between
different soils (Griffin, 1969).
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MATERIALS AND METHODS

rn The Maintenance and Measurement of Soil Water and its Effect on F m m tm
Seedling PUght of Wheat

Preparation o /F . culmornm inoculum
A conidial suspension of F. cidmomm was prepared by washing macroconidia
from a sporuladng culture of F. cidmorum grown on PDA with 5 ml of sterile distilled
water. The resultant conidial suspension was then passed through three layers of
muslin to remove hyphal fragments and centrifuged at 5000 r.p.m. for 10 minutes.
Following centrifugation the supernatant was decanted and the conidia resuspended
in sterile distilled water. The concentration of conidia was determined using a
haemocytometer and adjusted to give a suspension of 10^ conidia ml"^ of water.

In oçalü^ o n m 4 so w im Qf

Winter wheat seed cv. Mercia (lot No. 14, Table 3) was used in this study.
Isolations from wheat seeds were taken to determine A^ether natural seed-borne F.
culmorum contamination was present One hundred seeds were placed, five to a Petri
dish, onto PDA and incubated at 20°C. After 14 days the fungal colonies present
were identified from their colony and spore morphology.
The germination potential of the seed was determined by placing seed onto
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moist filter paper in Petri dishes. The seeds were incubated at 20°C for seven days
and the number of germinated seeds recorded. Five Petri dishes each containing 50
seeds were used.
Before inoculation with conidial suspension, seeds were placed in sodium
hypochlorite solution (1% available chlorine) for three minutes, washed three times
in sterile distilled water and then dried in a fiow of sterile air. These surface sterilized
seeds were then inoculated with macroconidia at the rate of 10^ spores (25 g)'^ of
seed. The seed and conidial suspension were mixed together in a 250 ml conical flask
and shaken fix diree minutes. Non-inoculated surfitce sterilized seeds were similarly
treated, but with sterile distilled water to provide controls.
Seeds were planted evenly at a depth of 2 cm into a plastic tray (165 x 95 x 45
mm) containing 480g of steam-sterilized sandy loam based conqmst (John hmes
No.2) at a rate of 20 seeds per tray (Table 4). Three replicate trays were used for each
inoculated and non-inoculated treatment.

Mmntenmse Qfs .QHj£a^
In order to provide soil water conditions conducive to seedling emergence
(Khah et al., 1986), mean 0„ was restricted to between 10% and 18% (w/w). As Khah
et al. had worked in a sandy loam soil, John Innes (No. 2) compost was selected for
this study because of its sandy texture and to allow repeatability and continuity with
future experiments.
In order to determine the initial 0„ of the soil before watering, compost was
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first w eired and then oven dried at 102 °C to a constant weigfit (Anon., 1977a). The
quantity of water added to each tray was regulated gravimetrically. Sterile distilled
water was added to the surface of the compost using a fine nozzle wash bottle until
the required w e i^ t of water had been added. The mean soil water status of the soil
for each watering treatment was calculated fix)m the maximum and minimum values
recorded at watering. Table 13 shows the weigjit to which the trays were watered and
the times of watering. Treatments 1 to 6 were watered to similar maximum soil water
values, whilst treatments 7 to 12 were watered to obtain similar mean soil water
values equivalent to the maximum values used in treatments 1-6. A further twelve
treatments (13-24) were used to provide controls. These treatments were identical to
treatments 1-12 except for the use of non-inoculated seeds. Each watering treatment
was replicated three times.
A soil water retention curve, relating 0„ to

for the compost was obtained

by the pressure plate method (Anon., 1977b) (see Chapter 2). Table 14 shows the
maximum and average t|r„ produced by each watering treatment. Large differences in
soil water content were produced by the watering regimes used, although these related
to a more restricted range of

values owing to the shape of the soil water retention

curve. A similar soil water retention curve was produced by Wadleigh et al. (1946)
for Panoche sandy loam soil. Measurements of ijr„ were made on the drying curve.
In theory, owing to hysteresis, these measurements do not represent fully the
relationship between 0„ and ilr^ina drying wetting cycle, although the sandy nature
of the compost and its constant bulk density throughout the experiment would limit
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this effect. In addition, Liddell and Burgess (1988) showed that the influence of
hysteresis on the soil moisture content and soil moisture potential relationship was not
inqjortant in the study of infection of wheat coleoptiles by F. graminearum Group 1.

Environmntol çonMom
Trays were placed, according to a fully randomised design, in two growth
cabinets (Conviron 51 OH) at a constant temperature of 20 °C and at 75% relative
humidity. The trays were re-randomised daily. A photoperiod of ten hours was
provided by 80 W cool white fluorescent lamps supplemented by 40 W tungsten
lamps giving a mean photon flux density of 180 /Æm"V\

The number of emerged seedlings per tray was counted daily until no further
seedlings emerged on five successive days. No subsequent emergence was seen. The
mean seedling emergence time in days was calculated using Equation 1 as previously
described (Khah et al., 1986) (Chapter 2).
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Table 13 The maximum weight to which trays were watered and the timing of
watering. The controls (treatments 13-24) were watered in the same way as their
inoculated treatments.
Time of watering®

Treatment
number

Weight to which
trays were
watered
(g)

0900 h

1400 h

1900 h

1

/

/

/

513

2

/

X

/

513

3

X

X

/

513

4

/

X

X

513

5

/

X

X

513

6

/

X

X

513

7

/

/

/

516

8

/

X

/

518

9

X

X

/

520

10

/

X

X

522

11

/

X

X

528

12

/

X

X

540

®waterings were performed daily except for treatments 5 and 11 which were watered
every second day and treatments 6 and 12 which were watered every third day.
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Table 14 Mean and maximum soil matric potentials (i|rJ produced in John hmes
conqx)st number 2 at 20""C using different watering regimes. The controls (treatments
13-24) were watered in the same way as their inoculated treatments.
Treatment
number

Soil matric
potential (MPa)
Max.

Mean

1

-0.135

-0.138

2

-0.135

-0.140

3

-0.135

-0.148

4

-0.135

-0.150

5

-0.135

-0.163

6

-0.135

-0.175

7

-0.129

-0.135

8

-0.125

-0.135

9

-0.124

-0.135

10

-0.122

-0.135

11

-0.116

-0.135

12

-0.105

-0.135

Disease assessment
Seedling death following emergaice was also recorded daily and the incidence
of lesions on surviving plants was assessed 21 days after planting. The total
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percentage incidence of infection was calculated by expressing the sum of the
seedlings killed before and after emergence and the emerged seedlings with disease
symptoms as a percentage of the number of seeds planted. Fusariitm culmorum
infection of diseased seedlings was confirmed by isolation on PDA following surface
sterilization for three minutes in sodium hypochlorite (1% available chlorine) and
three rinses in sterile distilled water.

D m (mafysis
Data were statistically examined using linear regression analysis to investigate
the effect of soil matric potential on Fusarium seedling blight disease symptoms and
to investigate the relationship between the rate of seedling emergence and pre
emergence seedling death. Statistical analysis was performed on a personal computer
using the software program Statgraphics.

(ii) The Effect of Temperature and Soil Water on the Pre-emergence Death of
Seedlings Following Inoculation with AL nivaleM d the Relationship between the
Rate of Seedling Emergence and Pre-emergence Seedling Death

Preparation o/M . nivale inoculum
A conidial suspension of M nivale was prepared by washing macroconidia
fi-om a sporulating culture of M nivale grown on potato dextrose agar (PDA) with
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5 ml of sterile distilled water. The resultant conidial suspension was then passed
through three layers of muslin to remove hyphal fragments and centrifuged at 5000
r.p.m. fix 10 minutes. Following centrifugation the supernatant was decanted and the
conidia resuspended in sterile distilled water. The concentration of conidia was
determined using a haemocytometer and adjusted to give a suspension of 10^ conidia
ml"^ of water.

Inoculation and sowing ofsead
Winter wheat seed cv. Mercia (lot No. 14, Table 3) was used in this study.
Isolations from wheat seeds were taken to determine whether natural seed-borne M.
nivale contamination was present (Chapter 2).
The germination potential o f the seed was determined by placing seed onto
moist filter paper in Petri dishes. The seeds were incubated at 20°C for seven days
and the number of germinated seeds recorded. Five Petri dishes each containing 50
seeds were used.
Before inoculation with conidial suspension, seeds were placed in sodium
hypochlorite solution (1% available chlorine) for three minutes, washed three times
in sterile distUled water and then dried in a fiow of sterile air. These surface sterilized
seeds were then inoculated with macroconidia at the rate of 10^ spores 25 g'^ of seed.
The seed and conidial suspension were mixed together in a 250 ml conical flask and
shaken for three minutes. Non-inoculated surface sterilized seeds were similarly
treated, but with sterile distilled water to provide controls.
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Seeds were planted evenly at a depth of 2 cm into a plastic tray (215 x 155 x
45 mm) containing 950 g of steam-sterilized sandy loam based compost (John Innes
No.2) at a rate of 35 seeds per tray (Table 4). Four replicate trays were used for each
inoculated and non-inoculated treatment.

SoU water treatments
In order to determine the initial 8^ of the soil before watering, compost was
first weighed and then oven dried at 102°C to a constant weight (Anon., 1977a). The
quantity of water added to each tray was regulated gravimetrically. Sterile distilled
water was added to the surfiice of the compost daily using a fine nozzle wash bottle
until the required weight of water had been added. The mean soil water status of the
soil for each watering treatment was calculated fi"om the maximum and minimum
values recorded at watering. Trays were watered to maximum

values of 16%, 22%

and 24% to give low, medium and h i^ soil water treatments in each of the three
temperatures. A soil water retention curve relating 0„ to

for the compost was

obtained by the pressure plate method (Anon., 1977b) (see chapter 2). Table 15 shows
the mean \|r„ produced by each low, medium and high soil water treatment at each
temperature.

Environmental conditions
Trays were placed, according to a fully randomised design into one of three
growth cabinets (Conviron 51 OH) according to temperature treatment. The mean
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temperatures for each of the three growth cabinets used were 8.6°C, 12.2°C and
17.2°C. The mean temperatures were calculated from the duration of the “day time”
and “night time” temperatures used, which were 10.0°C and 7.5°C, 15.0°C and
10.0°C and 20.0°C and 15.0°C respectively. A photoperiod o f ten and a half hours
was provided by 80 W cool white fluwescent lamps supplemented by 40 W tungsten
lamps giving a mean photon flux density of 180 /Æ m 'V \ Relative humidity within
the cabinets was maintained at 75% during the duration o f the experiment.

Table 15 The mean soil moisture (i|r^produced by each low, medium and high soil
water treatment at each temperature.
Mean soil

Mean

(MPa)

temperature (°C)

17,2

-0,37

-0.13

-0.12

12.2

-0.19

-0.12

-0.11

8.6

-0.15

-0.11

-0.09

The number of emerged seedlings per tray was counted daily until no further
seedlings emerged on five successive days. No subsequent emergence was seen. The
mean seedling emergence time in days was calculated using Equation 1 as previously
described (Khah et cd., 1986) (Chapter 2). The mean rate of emergence was calculated
89

as the reciprocal of the mean seedling emergence time in days .

Drnmstjim
Data were statistically examined using linear and multiple linear regression
analysis. The effects of temperature and soil matric potential on seedling emergence
and the rate of seedling emergence were described using multiple linear regression
analysis. The relationship between the rate of seedling emergence and final seedling
emergence was investigated using linear regression analysis. Statistical analysis was
performed on a personal computer using the software program Statgraphics.

(Hi) The Effect of Temperature and Soil Water onlhcJPge^mergencc Death of
Seedlings Caused by Natural

nivale Contamination of Winter Wheat Seed

and the Relationship between the Rate of Seedling Emergence and Pre-emergence
SecdMmg Death

Natural M. nivale seed conlaminationjmdJhe^owing o f seed
Winter wheat seed cv. Riband contaminated by M. nivale (lot No. 15, Table
3) and without M nivale contamination (lot No. 22, Table 3) were used in this study.
Isolations fix)m a sample of each of the two seed lots were taken to determine the
percentage of seeds naturally contaminated by M. nivale. This determination was on
the basis of the growth of the pathogen fi*om seeds placed on PDA (see Chapter 2).
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The germination potential of the seed was determined by placing seed treated
widi the fungicide guazatine (600 pg of ai g'^ of seed) (Rennie and Gorey, 1988 and
Cockerell, 1995) onto moist filter paper in Petri dishes. The seeds were incubated at
20”C for seven days and the number of germinated seeds recorded. Owing to the
adverse effect of M. nivale on the normal developn^nt o f seedlings, seed germination
was assumed if any evidence of viability was seen prior to disease symptoms
developing. Five Petri dishes each containing 5.0 seeds were used.
Seeds were planted evenly at a depth of 2 cm into a wide neck glass jar
(60x60x120 mm) containing 60 g of steam sterilized sandy loam based compost (John
Innes seed) adjusted to the required soil water content, at a rate o f ten seeds per jar
(Table 4). Ten replicate bottles were used for each treatment for contaminated and
non-contaminated seed.

Temperature and soU water treatments
Four temperature (6°C, 8°C, 10°C and 12°C) and three soil water (-0.005
MPa, -0.036 MPa and -0.108 MPa) treatments were used in this study. Constant
temperatures were maintained using four incubators set at 6, 8, 10 and 12°C
respectively.
Following steam sterilization (see Chapter 2) the compost was allowed to dry
in clean air in a laminar flow cabinet for 24 hours. The water content of the soil by
mass (O J was then determined by oven (hying (Anon., 1977a) (see Chapter 2). Sterile
distilled water was then added to the soil to raise the moisture content to either 21%,
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23% or 27% by mass. The mean soil water content was calculated from the 8^ at the
beginning and the end of the experiment and the mean soil matric potential (i|rJ was
obtained from the soil water retention curve for the compost, produced using the
pressure membrane method (Anon., 1977b) (see Chapter 2).

Assm m M of
The number of emerged seedlings in each jar was counted daily until no
further seedlings emerged on five successive days. After this time no subsequent
emergence was seen in any jar. The mean seedling emergence time in days was
calculated using Equation 1 as previously described (Khah et al., 1986) (Chapter 2).

Dmtmabsm
The effect of temperature and soil water on seedling emergence and the rate
of seedling emergence was investigated using ANOVA and multiple linear regression
analysis. The relationship between the rate of seedling emergence and pre- emergence
seedling death was examined using linear regression analysis. Statistical analysis was
performed on a personal computer using the software program Statgraphics.
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RESULTS

(n The Maintenance and Measurement of Soil Water and its Effect oa Fmimum

ScfidMwgJglight of Wheat

Seed-bome infection by F. culmornm or any other seed-home pathogens was
not detected in plated seed tests. The mean germination of seed on moist filter paper
was 98% (± 0.63; n = 5). No seedling blight disease symptoms were seen in the noninoculatal control treatments. The mean emergence of non inoculated seeds was 81%
(± 5.69; n = 36).
The final emergence of inoculated seedlings was not found to be directly
related to maximum i|f„. In watering treatments 7 to 12 (Table 13), where the
conqx)st was watered to different maximum values whilst maintaining a similar mean
i|r„, no relationship (R^ = 0.01; P < 0.01) was observed between emergence and
maximum i|r„^ Mean emergence as a percentage of the controls for treatments 7 to 12
was 88% (± 2.18 ; n = 6) and the mean percentage of plants showing symptoms after
emergence was 43% (± 1.20; n = 18). However, in treatments 1 to 6, where the
conqx)st was watered to the same maximum, but at different time intervals thereby
producing different mean water contents, a strong relationship (R^ = 0.92; P < 0.01)
was observed between emergence and mean
mean

(Figure 9). Figure 9 shows that as the

decreased ùom -0.138 to -0.175 MPa (ie. when the soil became drier),

emergence o f inoculated seedlings, as a percentage of the controls, decreased from
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Figure 9 The effect of decreasing mean soil matric potential (Ym) on the final
emergence o f wheat seedlings cv. M ercia (lot No. 14, see Table 3) inoculated with
Fusarium culmorum macroconidia expressed as a % o f the controls (y = 105 Ix +
235; R2 = 0.92; P < 0.01). Values are means o f three replicates.
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88% to 47%. Seedlings emerged more slowly as mean i|r„ decreased. Figure 10 shows
the relationship (R^ = 0.89; P < 0.01) between mean t|r„ and the mean rate of seedling
emergence of the non-inoculated controls. Seedlings emerged more quickly as the
availability of water increased.
Figure 11 shows that the type of seedling blight symptoms observed, in the
treatments where the soil was watered to a maximum ipm, was strongly influenced by
mean i|r„. Whilst pre-emergence death from seedling bligjit decreased linearly with
increasing mean t|t„ (R^= 0.92; P < 0.01), the incidaice of post-emergence symptoms,
such as coleoptile lesions and extensive necrosis leading to seedling death, increased
with increasing mean \|r„ (R^ = 0.85; P < 0.01 ). Althougji the type of symptom
observed was strongly influenced by the mean soil water potential, the total
percentage incidence o f infection, as indicated by the total percentage incidence of
symptoms of any type, was relatively constant ranging from 73% to 85% and was not
related (R^ = 0.01; /^ < 0.01) to mean i|f„.

(in The Effect of Temperature and Soil Water on the Pre-emergence P^thLOf
Seedlings Following Inoculation with M. nivale and the^Rciationship betweemuthe
Rate of Seedling Emergence and Pre-emergence Seedling Death

Seed-bome infection by M. nivale or any other seed-borne pathogens was not
detected in plated seed tests. The mean germination of seed on moist filter paper was
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Figure 10 The relationship between mean soil matric potential (Ym) and the mean
rate of seedling emergence for non-inoculated wheat seedlings cv. Mercia (lot No.
14, see Table 3) (y = 0.0962x + 0.238;
= 0.89; P < 0.01). Values are means of
three replicates, s e are smaller than symbols.
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Figure 11 The effect of mean soil matric potential (Y^) on pre-emergence death (#) (y
= -1007x- 116; R2 = 0.92; P < 0.01) and post-emergence symptoms (O) (y = 968x +187;
= 0.85; P < 0.01) caused by seed-bome Fusarium culmorum infection of winter wheat
seedlings cv. Mercia (lot No. 14, see Table 3). Values are means of three replicates; bars
indicate SE.
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95% (± 0.65; n = 5).
Overall the emergence of inoculated seedlings as a percentage of the controls
decreased with decreasing temperature and soil water (Figure 12). The greatest
number of seedlings emerged at 17.2®C and -0.12 MPa and the fewest at 8.6°C and
-0.15 MPa. At 17.2°C seedling emergence as a percmtage of the controls declined
fiom 79% to 64% as the soil matric potential was decreased from -0.12 MPa to -0.37
MPa, a difference of 0.25 MPa. At the lower temperatures, of 12.2°C and 8.6°C,
seedling emergence also decreased with decreasing soil matric potential, but a greater
decrease in emergence was seen for a smaller reduction in soil matric potential.
Seedling emergence was reduced by 21% from 65% to 44% as the matric potential
was reduced from -0.11 MPa to -0.19 MPa and by 20% from 32% to 12% as the
matric potential was reduced from -0.09 MPa to -0.15 MPa at 12.2°C and 8.6°C
respectively. Multiple linear regression analysis showed that there was a significant
relationship between temperature, soil water and seedling emergence (P < 0.001) and
that just over half of the variaticm seen in emergence at the different tenq>eratures and
soil water potentials was accounted for by the linear model (R^ = 0.58).
The time taken for seedlings to emerge was also strongly affected by
tenq)erature and soil water, with seedlings emerging more quickly in warmer wetter
soil. Overall the rate of seedling emergence increased fix>m 0.050 days^ at 8.6®C and
-0.15 MPa to 0.112 days^ at 17.2°C and -0.12 MPa (Figure 13). Multiple linear
regression analysis showed that there was a significant relationship between
temperature, soil water and the rate of seedling emergence {P < 0.001) and that three

98

100
iS
2 90
c
o
o 80
o
JZ
Z 70
<0

$
o
c
0
E>
Q)
E
0)
O)
c

1

60
50
40
30

Ü
0

20

¥

10

o
Q.
E
Q)

1

0
-0.08 -0.12 -0.16 -0.20 -0.24 -0.28 -0.32 -0.36
soil water potential (MPa)

Figure 12 The effect o f temperature and soil water potential on the em ergence o f
w heat seedlings (lot N o. 14, see Table 3) inoculated with Microdochium nivale
conidia.
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Microdochium nivale conidia.
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quarters of the variation seen in the rate of seedling emergence at the different
temperatures and soil water potentials was accounted for by the linear model (R^ =
0.76).
The relationship between the time taken for inoculated seedlings to emerge and
final seedling emergence was very strong. The number of seedlings that emerged
decreased significantly (P < 0.001) in a linear fashion fix)m 79% to 12 % as the time
taken for seedlings to emerge increased fix)m 8.9 days to 20 days (Figure 14).

(ill) The Effect of Temperature and Soil Water on the Pre-emergence Death of
Seedlings Caused by Natural A f. nhale Contaminatioa of Winter Wheat Seed

and the Relationship between the Rate of Seedling Emergence and Pre-crocrgcncc
SeedHffig Pcath

Isolations on PDA revealed that 72% of seeds in seed lot number 15 (Table 3)
were contaminated by M nivale and that seed lot number 22 (Table 3) was f i ^ fix)m
M nivale contamination. Seeds in both lots germinated well on moist filter paper.
Ninety nine percent (± 0.01 ; n = 5) of seeds fi*om lot number 22 and 94% (± 0.75; n
= 5) of seeds fi*om lot number 15 germinated.
Tenq)erature and soil water had no effect on the final emergence of seedlings
fix)m seed that was not contaminated by M. nivale (lot No. 22). The final number of
seedlings that emerged was constant between temperature and soil water treatments
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Figure 14 The relationship between the time taken for wheat seedlings cv. Mercia
(lot No. 14, see Table 3) inoculated with Microdochium nivale macroconidia to
emerge and the final number that emerged expressed as a percentage o f the controls
(y = -5.046X + 117.5;
= 0.92; P < 0.01).
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and averaged 97.5%. However, both tenq>erature and soil water did have a significant
effect on the emergence of wheat seed naturally contaminated by M. nivale {P <
0.001). As with artificially inoculated seed, the final emergence of contaminated seed
decreased with decreasing temperature and soil water (Figure 15). Maximum
emergence (91.0%) was seen at 12°C and -0.005 MPa and minimum emergence
(29.0%) at 6°C and -0.108 MPa. Statistical analysis of the data using analysis of
variance did not reveal any evidence of an interaction between temperature and soil
water with respect to seedling emergence {P = 0.489). There is therefore good
evidence fix)m this investigation that tenq)erature and soil water act independently on
the pre-emergence death of seedlings.
As in the previous e;q)eriment with artificially inoculated seeds, the time taken
for seedlings to emerge was strongly affected by temperature and soil water.
Seedlings emerged more quickly in warmer wetter soil. Overall the rate of seedling
emergence increased fix>m 0.035 days"^ at 6°C and -0.108 MPa to 0.091 days"^ at 12°C
and -0.05 MPa (Figure 16). Again, following analysis of the data by ANCVA, no
interaction between temperature and soil water was seen. Multiple linear regression
analysis showed that there was a significant relationship between temperature and the
rate o f seedling emergence {P < 0.001) and that overall a large proportion of the
variation seen in the rate of seedling emergence at the different temperatures and soil
water potentials was accounted for by the linear model (R^ = 0.88).
The relationship between the time taken for inoculated seedlings to emerge and
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Figure 16 The effect of temperature and soil water potential on the rate of emergence of
wheat seedlings (lot No. 15, see Table 3) naturally contaminated with Microdochium nivale.
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the final number of seedlings that emerged was again very strong (R^ = 95.1%). The
number of seedlings that emerged decreased significantly {P < 0.001) in a linear
6shion fix)m 90% to 36% as the time taken for emergence increased fix)m 10 days to
28 days (Figure 17).

pjsaisiaim
Previous studies performed in pots in the glasshouse investigating the effect
of soil water on F. ctdmornm seedling bligjht o f wheat (Colhoun and Park, 1964,
Colhoun et al., 1968 and Cassell and Hering 1982) all used a maximum value o f soil
water to describe the water status of the soil over the entire duration o f the
experiments. However, in the present study seedling blight symptoms were
demonstrated not to be directly related to maximum

but to mean

This is not

surprising as the water status of a soil will not remain constant following watering and
therefore, unless some measure of the degree by which it dries between waterings is
provided, it is unlikely that maximum i|r„ provides a meaningful measure o f soil
water.
In the present study mean i|r„ was considered more important than maximum
\|r„ and a significant linear relationship between mean i|r„ and pre-emergence death
of seedlings following inoculation with F. culmonan conidia was observed. This
result agrees with the effect o f dry soil on seedling bligbt observed by Colhoun and
Park (1964), Colhoun et a l (1968) and Cassell and Hering (1982) which was
probably not the result of the maximum soil water values they quoted, but of the mean
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Figure 17 The relationship between the time taken for wheat seedlings cv. Riband (lot
No. 15, see Table 3) naturally contaminated with Microdochium nivale to emerge and the
final number that emerged (y = -0.313x + 12.57;
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i|r„ values resulting from the different watering regimes they employed. However, as
a result of this, direct and precise comparisons with their results were not possible.
In the present study the intervals used between watering had no effect on the
relationship between mean i|r„ and disease, and it could be concluded that constant
soil watering regimes across experiments are unnecessary when using mean

as a

measure o f soil water, althouÿi extreme watering intervals should be avoided.
If direct comparisons with previous work could have been made, then the
differences between previous results and those of this study migfrt still have occurred
because of the complex interaction between the host, pathogen, environmental
conditions and soil microflora. The presence of the soil microflora in the unsterilised
field soils they used may have had a profound effect on their results (Liddell and
Burgess, 1988). In addition, the occurrence of soil-bome F. ctdmornm in their soils
could also have affected their results such that they may have been studying the
effects of the interaction of seed and soil-bome inoculum. As the aim of the present
study was to develop a single reproducible system for use in subsequent studies, the
use o f unsterilised field soil, which can differ both in textural class and microfiora,
was avoided. Caution must therefore be taken when applying the results of the present
study to a field situation.
The effects of temperature and soil water on seedling bligfrt caused by M
nivcde were similar whether artificially inoculated or naturally contaminated seed was
used. In agreement with previous work with artificially inoculated seed (Millar and
Colhoun, 1969) the incidence of pre-emergence seedling death was greatest in cold
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dry conditions. The increase in disease severity observed with decreasing temperature
and soil water potential was closely correlated to the reduced rate of seedling
emergence seen in cold dry soil.
The relationship between the rate of seedling emergence and the severity of
seedling bliÿit caused by F. cidmorum was investigated by Malalasekera and
Colhoun (1968) in glasshouse pot e?q>eriments. They soaked wheat seeds in water
prior to sowing to simulate the increased rate of seedling emergence seen in wet soil.
They showed tiiat pre-emergence deadi was reduced as the rate of seedling emergence
increased and concluded that the Aster the seedlings emerged the greater their chance
of escaping infection. The effect of soaking seeds before sowing on embryo infection
by Pythhan tdtimtim was investigated by Fukui et al. (1994). They showed that
soaking Wieat seeds prior to sowing decreased the incidence of embryo infection by
Pythium tdtimtim. However, they concluded that this reduction in infection was due
to tiie increased loss o f seed exudate during soaking and not to the effect of soaking
on the rate of seedling emergence.
Despite the feet that the work of Fukui et al. (1994) casts some doubt on that
of Malalasekera and Colhoun (1968) it appears from the present study that the rate
of seedling emergence, which was strongly affected by temperature and \|r^ does
indeed have a significant effect on subsequent seedling blight symptoms. In the
present study close linear relationships were seen between the time taken for
seedlings to emerge and the final number of emergent seedlings, for seed either
artificially inoculated with or naturally contaminated by M. nivale. This suggests that
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the rate of seedling emergence determined the severity of seedling blight disease
symptoms seen and not the specific temperature or soil water values. However,
different linear relationships for final seedling emergence and the time taken for
seedlings to emerge were seen with respect to artificially inoculated and naturally
contaminated seed. This result shows that besides fectors affecting the rate of seedling
emergence, other fectors such as inoculum load may play an important role in
determining the severity of disease symptoms. The effect of inoculum load on the
severity of disease symptoms from seed naturally contaminated by M nivale is not
well documented and will be investigated in the following chapter of this thesis.
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CHAPTER 6

The relationship between temperature and natural M icrodochium nivale
contamination o f winter wheat seed and the effect on subsequent seedling
emergence and seedling growth.

I ll

JNTRQP-UCIIQM

The effect of temperature on the subsequent severity of M. nivale seedling
blight of wheat seedlings following artificial inoculation of seeds with conidia was
investigated in glasshouse pot e?q)eriments by Millar and Colhoun (1969). These
workers showed that the severity of disease was most severe in cold (6.1°C) soil. In
addition, they examined the effect of increasing inoculum load on disease severity
and showed that as the number of spores per seed increased from 1x10'^ to 1x10^ so
did disease, as indicated by an amended disease index which increased from 100 to
300 respectively.
The effect of temperature on the emergence of wheat seedlings following
artificial inoculation with M. nivale conidia was studied in Chapter 5 and, in
agreement with the work of Millar and Colhoun (1969), most severe disease
symptoms were seen in cold soil. The effect o f temperature on the pre-emergence
death of wheat seedlings naturally contaminated by M. nivale was also studied in the
previous chapter and, similarly to artificially inoculated seed, the greatest number of
seedlings died before emerging, in cold conditions.
It is known that under field conditions the severity of pre-emergence seedling
death is affected by the percentage of naturally contaminated seeds in a given batch
(Humphreys et a l, 1995). The greater the percentage of contaminated seeds the
greater the likelihood o f pre-emergence seedling death. However, the relationship
between teny erature and inoculum load, with respect to naturally contaminated seed
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and its effect on seedling emergence has not been thoroughly investigated.
The aim of the work in this chapter was twofold: (i) to investigate the
relationship between the percentage of seeds contaminated by M. nivale, temperature
and pre-emergence seedling deadi and subsequent seedling growth, and (11) to
investigate the relationship between M. nivale contamination of wheat seed and wheat
seed vigour, as measured by the rate of seedling emergence.

M A TER IA LS A N D M ETH O D S

Sawing qf seed
Winter wheat seed cv. Riband (seed lot Nos 15,17,18, 19,20,21 (Table 3))
was used in this study. Isolations from wheat seeds were taken to determine whether
natural seed -b o m e M. nivale contam ination w as presen t. Four hundred seed s w ere
placed, five to a Petri dish, onto PDA and incubated at 10°C. After 14 days the fungal
colonies present were identified fr-om their colony and spore morphology.
The germination potential of the seed was determined by placing seed treated
with the fungicide guazatine (600 pg of ai g~^ of seed) (Rennie and Gorey, 1988 and
Cockerell, 1995) onto moist filter paper in Petri d ish es at four d ifferen t temperatures.
The seeds were incubated at 6°C, 8°C, 10°C and 12°C until germination had occurred
and the number of germinated seeds was recorded daily. Owing to the adverse effect
of M. nivale on the normal development of seedlings, seed germination was assumed
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if any evidence of viability was seen prior to disease synptoms developing. Five Petri
dishes each containing 50 seeds were used for each seed lot at each temperature.
Seeds were then sown into compost in gfass jars and placed in one of four
constant tenq)eratures. For each of the six seed batches used, seeds were sown at the
rate of 10 seeds per glass jar into 60 g of sterilized soil-based compost (John hmes
Seed) to a depth of 2 cm (Table 4). Five replicate jars were used for each seed batch
at each tenq)erature. The jars were then placed in an incubator set at either 6°C, 8°C,
10°C or 12°C according to a randomised block design, and illuminated for 12 hours
per day by Philips cool-white fluorescent tubes.

Assessments o f seeOling emergence and seedling growth
The total number of emerged seedlings in each jar was counted daily until no
further seedlings emerged on five successive days. After this time no subsequent
emergence was seen in any jar. The mean seedling emergence time in days was
calculated using Equation 1 as previously described (Khah et al,, 1986) (Chapter 2).
The mean rate o f emergence was calculated as the reciprocal of the mean seedling
emergence time in days.
Following complete emergence, the length of each seedling's coleoptile and
longest root was measured.
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P dTff m obisk .
Data were analysed statistically using factorial ANOVA with M. nivale
contamination and temperature as fectors, and seedling emergence, coleoptile length
and root length as variables. Data for the rate o f seedling emergence were modelled
with the percentage of M. nivale contamination in each seed batch and temperature
using parallel regression analysis to determine if M nivale contamination affected
seed vigour as measured by the rate of seedling emergence. Statistical analyses were
performed on a personal computer using the software program Genstat 5 (Lawes
Agricultural Trust, Rothamsted Experimental station). Student’s “t” tests were
performed by hand using a pocket calculator.

RESULTS

The Rdatinnship between the Percentage of Seeds Contaminated by M. nivale.
Temperature and the Pre-emergence Death of Seedlings and Subsequent Seedling

Growth

M icrodochium nivale seed contamination and germination poteidial

The percentage contamination of seeds with M nivale was found to be 4%,
8%, 19%, 40%, 44% and 72% for seed lots Nos 21,20,19, 18,17 and 15 (Table 3)
respectively. The germination potential of the seed batches was good, and better than
the minimum standard for certified seed (85%) at each of the temperatures tested
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(Table 16).

Seedling emergence
Temperature and natural M. nivale seed contamination had significant
effects on seedling emergence (P < 0.01). Seedling emergence decreased with
decreasing temperature and with increasing percentage M. nivale contamination
(Figure 18a and 18b). Mean seedling emergence was highest from seed lots No. 20
and 21,9.5 and 9.4 seedlings respectively, and lowest fix)m seed lots No. 15 and 18,
6.2 and 6.1 seedlings respectively.

Table 16 Germination of seed batches contaminated by Microdochium nivale at four
tenq)eratures. Germination tests were performed on moist filter paper in Petri dishes.
Microdochium nivale contamination (%)

Temperature
(°C)

4

8

19

40

44

72

12

96

98

98

95

94

91

10

98

94

100

94

96

94

8

97

98

96

98

100

92

6

98

98

99

100

98

90

Mean

97.2

97.0

98.2

96.8

97.0

91.8

SET

0.48

1.00

0.85

1.37

129

0.85
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Figure 18a
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Figure 18 The effect of (a) temperature (SEM = 0.232), (b) Microdochium nivale seed
contamination (SEM = 2.85) and (c) The relationship between temperature and natural M. nivale
seed contamination (SEM = 0.57; LSD (P = 0.05) = 1.1) on the emergence of wheat seedlings
cv Riband (lot No. 21, 20, 19, 18, 17 and 15, see Table 3). D of F = 96; CV = 16%.
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The mean number of em er^d seedlings (6.1) from seed lot No. 18 (40% M. nivale)
appeared to be lower than expected with reference to the other seed lots tested.
However, there was no significant difference {P < 0.05) in seedling emergence
between seed lots Nos 18,17 and 15. A significant interaction was observed between
temperature and seed contamination (P < 0.01). The reduction in seedling emergence
at low tenq>eratures was greatest fix)m seed batches with a large percentage of seeds
contaminated by M. nivale (> 40% contamination). As the temperature decreased
from 12° C to 6° C seedling emergence decreased by 56% fix)m heavily contaminated
seed but by only 8% fix>m seed with few contaminated grains (4%). In addition, the
effect of increasing seed contamination on seedling emergence was greatest in cold
soil (6° C). Seedling emergence decreased by 44% at 12° C and by 63% at 6° C
(Figure 18c).

Cak QptUe len0b
Temperature and M. nivale seed contamination had significant effects on the
length of coleoptiles of emerged seedlings (P < 0.01). Temperature and M nivale
seed contamination acted independently on coleoptile length and no significant
interaction was observed (P =0.05). Mean coleoptile length was shortest (46.6 mm)
in cold soil (6°C) (Figure 19a). Mean coleoptile length was longest (56.6 mm) in
seedlings fix)m seed lot No. 15 (4% M nivale) and shortest (44.3 mm) in seedlings
from seed lot No. 19 (40% M. nivale) (Figure 19b). As with seedling emergence, seed
lot No. 18 appeared to produce seedlings with shorter coleoptiles than expected with
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F ig u re 19 The effect o f (a) tem perature (LSD (P = 0.05) = 2.2; SEM = 1.10) and (b)
Microdochium nivale seed contam ination (LSD {P = 0 .0 5 ) = 2.6); S E M = 1.35) on the coleoptile
length o f em erged w heat seedlings cv Riband (lot N o. 21, 20, 19, 18, 17 and 15, see Table 3)
D o f F = 9 6 ; C V = 12%.
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reference to the ofeer seed lots tested although there was no significant difference (P
< 0.05) in coleoptile length between seed lots Nos 19,20 and 21.

BpQt length
Tenqierature and M. nivale seed contamination had significant effects on the
length of the longest root of emerged seedlings (P < 0.001). Temperature and M.
nivale seed contamination acted independently on root length and no significant
interaction was observed (P = 0.05). Mean root length decreased as the temperature
decreased from 12° C to 6° C and M nivale seed contamination increased from 4%
to 72%. Mean root length was longest 94.1 mm in seedlings at 12° C and shortest
66.9 mm at 6°C (Figure 20a). Mean root length was longest 105.7 mm from seed lot
No. 21 (4% M. nivale) and shortest 68.3 mm fiem seed lot No, 15 (72% M. nivale)
(Figure 20b).

(ii) The Relationship between Natural M. nivale Contamination, Temperature
and the Rate of Seedling Emergence

Close linear relationships were seen between temperature and the rate of
seedling emergence for each of the six seed lots tested (Figure 21). Multiple parallel
regression analysis showed that the regression lines fitted to the data were best
described (P < 0.01) by a model where each regression line had a separate slope and
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T ab le 3). D o f F = 9 6 ; C V = 17% .
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Figure 21 The relationship between temperature and wheat seedling emergence for six
seed lots o f winter wheat cv. Riband (lot No. 2 1,20, 19, 18, 17 and 15, see Table 3)
naturally contaminated by Microdochium nivale.

122

intercept.
Statistical examination of the variance covariance matrix of the model
parameter estimates for each of the six seed lots tested using ‘Y’ tests showed there
to be no significant difference (P = 0.05) between individual intercepts, but
significant differences were observed between slopes {P < 0.001). The base
temperature for emergence and the thermal time to emergence for each seed lot was
estimated from the intercepts and the slopes o f each graph respectively (Table 17).
A close relationship (R^ = 0.902) was observed between the thermal time to
emergence and the percentage of M. nivale contaminated seeds in each lot (Figure
22). The thermal time to emergence increased from 120.4° C at 4% M. nivale seed
contamination to 160.3° C at 72% M. nivale seed contamination.
Seedlings took longer to emerge in cold soil and ultimately fewer seedlings
emerged in cold conditions. The relationship between the time taken for seedlings to
emerge and the final number of emerged seedlings was however different for each of
the seed lots tested A delay in emergence affected heavily contaminated seed lots
more than lightly contaminated ones (Figure 23).
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Figure 22 The relationship between the percentage o f wheat seeds cv. Riband (lot
Nos 21, 19, 18, 17 and 15, see Table 3) naturally contaminated v/ith M icrodochium
nivale and the thermal time to mean seedling emergence (y = 2.28x°°^'*;
=
90.2%; P < 0.01).
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Figure 23 The relationship between the time taken for wheat seedlings to emerge and
the final emergence of seedlings cv. Riband (lot No. 21, 20, 19, 18, 17 and 15, see
Table 3) naturally contaminated by Microdochium nivale.
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Table 17 Base ten^)erHture for emergence and thermal time to emergence for six seed
lots of winter wheat cv. Riband naturally contaminated by Microdochium nivale
(Table 3)
Seed lot
No.

M. nivale
(%)

Base Temperature for
emergence (ty) (°C)*

Thermal time to
emergence (0) (°C)^

21

4

1.12

120.4

20

8

0.64

139.2

19

19

1.23

135.9

18

40

0.50

158.0

17

44

0.93

157.0

15

72

0.52

160.3

DISCUSSION

Work in glasshouse pot e3q)eriments by Millar and Colhoun (1969) showed
that an increase in the number of M. nivale conidia applied to the sur&ce of wheat
seeds prior to planting resulted in a subsequent increase in seedling blight disease
severity. A similar result was observed by Humphreys et al. (1995) working with
naturally contaminated wheat seed in the glasshouse and the field. Their results
showed that there was a close linear relationship between die percentage of M. nivale
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CQntaminated seeds in a seed lot and the final emergence of seedlings. However, the
results presented in this daaptex show that the relationship between the percentage of
M. nivale contaminated seeds and the final emergence of seedlings is not that simple.
In general, seedling emergence was seen to decline at a given temperature as the
percentage of contaminated seeds increased, although the relationship between M.
nivale contamination and seedling emergence did not appear to be linear (Figure 18c).
For example, more pre-emergence seedling death than e>q)ected firom the amount of
M. nivale contamination present was seen firom seed lot No. 18. The occurrence of
unexpected seedling b li^ t disease severity in the field has been observed and
althou^ some of Üiese occurrences may have been due to poor germination potential
there is no evidence that this is the case in this study (Table 16).
The percentage of contaminated seed in a seed lot appears to give a good
indication as to the potential fixr disease but it does not account for different inoculum
loadings on individual seeds. Millar and Colhoun (1969) showed that, on individual
wheat seed, M. nivale inoculum load had a significant effect on subsequent disease
severity and therefore, in situations where individual seeds in a seed lot are more or
less heavily contaminated, unexpected disease severities may occur. Little work has
been done on the quantification of M. nivale inoculum on individual wheat seeds.
Malalasekera and Colhoun (1969) developed a technique to quantify the amount of
F. ctdmorum inoculum on wheat seeds by applying conidia to the surface of the seed
and then measuring the resultant colony diameter after incubation on agar. They
observed a good linear relationship between individual seed spore load and colony
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diameter, but were unable to apply this technique successfully to naturally
contaminated seed owing to the variations in colony diameter they observed. This
result in itself suggests that individual seeds within a seed lot may carry different
inoculum loads. For further investigation of the relationship between inoculum load
and subsequent disease severity the adoption of a quantitative molecular technique
such as competitive PCR may prove useûil.
Environmental fiictors such as temperature and soil water can also affect the
severity of disease fiom naturally contaminated seed (Chapter 5). Indeed the effect
of temperature on disease severity was again shown in the work in this chapter. In
addition, the results of the present study show a significant interaction between seed
contamination and temperature with respect to final seedling emergence. The effect
of seed contamination on subsequent seedling emergence was more severe in cold soil
and this response was most pronounced when the percentage of contaminated seeds
was hig^. The severity of disease symptoms seen from naturally contaminated seed
was therefore a product of inoculum load and temperature. This result may in part
e?q>lain the findings of Noon and Jackson (1992) who observed different numbers of
seedlings emerging fix)m non-fungicide treated plots in field trials in Warwickshire
and Lincolnshire. The seed used was heavily contaminated by M. nivale (72%) and
was treated similariy at both sites. They speculated that the difference in the number
of emerged seedlings observed at the two sites was due to the environmental &ctors;
temperature and soil water, although these environmental factors were not closely
monitored. It is clear therefore that in addition to M. nivale contamination.
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temperature will have a significant effect on the severity of the disease and
subsequent seedling emergence.
Seedling growth following emergence, as measured by coleoptile length and
root length, was also affected by the percentage of M. nivale contaminated seed and
temperature, although there was no evidence o f an interaction between them. The
effect of M nivale on seedling growth subsequent to emergence did not appear to be
greater under cold conditions.
Observations on the rate of seedling emergence showed that seedlings emerged
more slowly in cold soil and that seedlings from seed lots heavily contaminated by
M. nivale also emerged more slowly. Khah et al. (1986) suggested that the thermal
time for emergence of wheat seedlings grown in field plots was strongly affected by
laboratory germination. However, the different thermal times for emergence of the
seed batches tested in this study cannot be fully explained with reference to their
germination potential alone. The close relationship between the percentage of M
nivale contaminated seeds and the thermal time for emergence of each seed lot
suggests that seed contamination may have a significant effect on the rate of seedling
emergence. As the rate of seedling emergence is considered to be a measure of
seedling vigour (AOSA, 1983) it could be concluded that contamination of wheat
seeds by M. nivale may reduce seedling vigour. This assumption is reinforced by the
interaction observed between temperature and M. nivale contamination with respect
to pre-emergence seedling death, where the number of non-emergent seedlings
became progressively greater in cold conditions with heavily contaminated seed lots.
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Conclusive evidence to support the theory that M. nivale contamination
reduced the vigour of wheat seedlings would be difficult to obtain owing to the many
host, pathogen, environment interactions Wiich can occur during seedling emergence.
The effect of increasing inoculum load, using artificial inoculum, on the rate of
seedling emergence could be investigated, although it is not clear whether conidia on
the surface of the seed would produce a similar effect to sub-epidermal mycelium
which is often associated with fungal contamination of wheat seeds (Elekes, 1983).
Another approach would be to treat naturally contaminated seed with a range of rates
of fungicide in an attempt to manipulate the growth of the pathogen. This approach
may work as long as pathogenicity is closely correlated with fungicide efficacy. The
effect of the fungicide seed treatment on seedling growth would also have to be
considered.
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C H APTER?

Seed-borne M icrodochium nivale van nivale and M icrodochium nivale
van nuÿus; their occurrence on wheat seed and pathogenicity towards
wheat seedlings
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INTRODUCTION

Within M. nivale Üiere are two distinct varieties, M. nivale var. nivale and M
nivale var. majns. These two varieties were first distinguished by Wollenweber
(1931) when M nivale was still considered to be F. nivale. Wollenweber
distinguished between the two varieties on the basis of conidial morphology:
M icrodochium nivale var. majus having larger conidia than M. nivale var. nivale.
Gerlach and Nirenberg (1982) defined the varieties further, stating that M. nivale var.
nivale was mostly 1-3 septate whilst M. nivale var. majus was mostly 3 septate with
wider spores. However, Nelson et al. (1983) and Litschko and Burpee (1987) did not
differentiate any distinct types using these morphological characteristics. More
recently Lees et al. (1995) used random amplified polymorphic DNAs (RAPDs) to
investigate variability within M. nivale isolates fix)m wheat in the U.K. This study
revealed extensive variability within M. nivale and also demonstrated the presence of
a uniform sub-group which correlated to M. nivale var. majus as determined by
conidial morphology. A uniform sub-group correlated to M. nivale var. majus was
also confirmed among isolates of M. nivale fimm elsewhere in Europe by isozyme
analysis and die study of polymorphisms within the internal transcribed spacer (ITS)
region of rDNA (Maurin et al., 1995). In the absence of any further information about
the remaining diverse sub-group it was termed M. nivale var. nivale to distinguish it
from the homogeneous M. nivale var. majus sub-group.
Little is known about the relative occurrence of M. nivale var. nivale and M.
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nivale var. majus on naturally contaminated winter wheat seed. However, all of the
eight isolates ofM nivale isolated from wheat seed in the U.K. by Lees et al. (1995)
were classified as M. nivale var. majus, on the basis of RAPD analysis and conidial
morphology.
Differences in the pathogenicity of M. nivale isolates towards cereal seedlings
was observed by Peny and Al-Hashimi (1983). They reported large differences in the
severity of Fusarium seedling blight symptoms on barley seedlings grown in soil in
pots, following inoculation of the seed with conidia. Maurin (1993) also observed
differences in pathogenicity between M. nivale isolates and was able to distinguish
differences between M. nivale var. nivale and M. nivale var^ majus. Isolates of M
nivale var. nivale were found to be strongly pathogenic whilst isolates of M nivale
var. majus were only weakly pathogenic. Maurin, however, did not state how
pathogenicity was tested or which plants were used.
The aim of the work in this chapter was twofold: (i) to investigate the
occurrence of M. nivale var. nivale and M. nivale var. majus isolates on naturallycontaminated winter wheat seed and (ii) to investigate the pathogenicity towards
wheat seedlings of M. nivale var. nivcde and M. nivale var. majus isolates recovered
from wheat seed.
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MATERIALS AND METHODS

(D The Qccwm ncc ofM. iwmfe Yur^/mwfe tmdMjBmgfe var. maim on Natunilte
Contaminated Winter Wheat Seed

Isolates o f M. nivale were recovered from seven seed lots of wheat seed
naturally contaminated by M nivale. The seed lots used were Nos 2, 5, 12, 13,15,
16, and 17 (Table 3) and were sourced from across the U.K., from Invergowrie in
Tayside to Owslebury in Hampshire. However, the majority o f the seed lots were
from the east of England.
Isolates of M. nivale were recovered on PDA from one hundred seeds from
each seed lot following treatment with sodium hypochlorite (see Chapter 2). The
resultant frmgal colonies were identified on the basis of their colony and spore
morphology. Isolates o f M. nivale were subcultured on PDA and incubated at 15°C
for 10 days. These uncontaminated M. nivale isolates were then froe^dried and
stored in ^ass ampoules or in liquid nitrogen.
Cultures of M. nivale were grown on PDA at 15°C for 15 days in the dark and
then for a further 10 days with light to induce sporulation (see Chapter 2).
Spœodochia were removed from the cultures and the spores suspended in 500 pi of
sterile distilled water. Aliquots (100 pi) of the spore suspension were spread over tap
water agar in 9 cm Petri dishes and incubated at 15°C. After 24 hours single
germinated conidia were located using a low powered microscope (x40) and
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transferred to separate Petri dishes containing 15 ml of PDA.
Fourteen cultures from each seed lot (10 cultures for lot No. 2) were selected
at random and further classified to the varieties majus or nivale by D. W. Parry and
H. N. Rezanoor using primers designed for the internal transcribed spacer (ITS)
region in the polymerase chain reaction (PCR), followed by restriction enzyme
digestion of the PCR product (Maurin et a l, 1995).

(ii) Pathogenicity of M nivale var. n/vo/e and M nivale van nutjus Isolates

towards Wheat Sccdlinga

Isolates used
The pathogenicity towards winter wheat seedlings cv. Brigadier seed lot No.
4 (Table 3) of four isolates of M nivale var. nivak and four isolates o f M. nivale var.
mcgus was investigated. Two isolates of M. nivale var. nivale and two isolates of M.
nivale var. mcgus from seed lot No. 2 (isolate No. 1,2,3, and 4 respectively) and one
isolate of M. nivale var. nivale and one isolate of M. nivale var. majus from each of
the seed lots Nos 16 (isolate No. 5 and 6) and 12 (isolate No. 7 and 8) were used.

Im çalatiQn.çfÆend
Conidia were produced on PDA and spore suspensions made in sterile distilled
water (Chapter 2). Wheat seeds cv. Brigadier were treated with sodium hypochlorite,
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washed, dried (Chapter 2) and dien inoculated with spores at the rate of 4x10^ spores
per seed by mixing the seed and spore suspension for three minutes in a 250 ml
conical flask. Seed used as an uninoculated control was treated similarly, but with
sterile distilled water instead of spore suspension.
Seeds were then sown at the rate of 10 seeds per gjass jar into 60 g of sterilized
compost (John Innes Seed) to a depth of 2 cm (Table 4). Eight replicate jars were
used for each inoculated treatment and 16 replicate jars were used for the
uninoculated control. The jars were then placed in an incubator set at 6°C and
illuminated for 12 hours per day by Philips cool-white fluorescent tubes, according
to a randomised block design.

AssmmfiJoLof
The number of emerged seedlings was counted daily. Seedling emergence was
taken to be complete when no further seedlings emerged on five successive days.
Seedling emergence was complete 24 days after planting.

Assessm ent o f disease severity on emerged seeOmgs
The severity o f disease on emerged seedlings was assessed 24 days after
planting. Seedlings were removed fix)m the compost and examined visually. The
seedlings were assigned one of five disease values (0, 1,2, 3 or 4) according to the
severity of the symptoms present (Table 5). Seedling disease values were calculated
according to the method previously stated (Chapter 2).
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Assm m n f of seeMng
Following disease severity assessment, the lengths of each seedling’s
coleoptile, shoot and longest root were measured.

D m m ab s k
Data were analysed using ANOVA and differences between treatments were
examined using “t” tests. Statistical analysis was performed on a personal computer
using the software program Statgraphics and “t” tests were performed by hand using
a pocket calculator.

RESULTS

(0 The Occurrence of M nivale var. nivale and M

on Natnrallv

rnntflminated Winter Wheat Seed

Of the 94 isolates examined using the PCR technique 91 gave banding patterns
which allowed varietal distinctions to be made. The majority (85) of isolates were
classified as M. nivale var. mcgus with only six as M nivale var. nivale. The M. nivale
var. nivale isolates came from three seed lots: three isolates came &om lot No. 2, two
came from lot No. 12 and the remaining isolate came fix)m lot No. 16 (Table 18).
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Table 18 Isolates of Microdochium nivcde var. majus and var. nivale* from wheat
seed listed according to location.
No. of isolates
Location

Majus

nivale

16

Invergowrie, Tayside

13

1

17

Driffield, Yorkshire

13

0

15

Scunthorpe, Humberside

13

0

2

Eriswell, Suffolk

7

3

5

Haveriiill, Suffolk

14

0

13

Stowmaficet, Suffolk

13

0

12

Owslebury, Hanq)shire

12

2

Total

85

6

rtNo.

*Classified according to the method of Maurin et al. (1995)

(ii) Pathogenicity of M. nivale var. nivale and M nivale var. mains Isolates
towards Wheat Seedlings

Seedimg emergeaçÂ
The final emergence of uninoculated seedlings was good (9.8 seedlings).
Similar emergence (9.8) was seen from seedlings inoculated with M. nivale var.
nivale conidia. However, significantly fewer (P < 0.001) seedlings emerged
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subsequent to inoculation with M. nivcde var. majus. The mean emergence for
seedlings inoculated with M. nivcde var. majus was 4.9 (Figure 24). Little variation
was seen between the emergence of seedlings inoculated with different isolates of M.
nivcde var. nivcde (9.5 to 10.0), althou^ the emergence of seedlings inoculated with
different M nivale var. majus isolates varied greatly (0.1 to 8.9).

Disease score on emerged seecBmgs
No seedling blight disease symptoms were seen on the uninoculated controls
(disease severity score 0). However, inoculation with each of the M. nivale var.
nivale and M. nivcde var. majus isolates tested produced disease symptoms on
emerged seedlings. Isolates of M. nivcde var. majus produced significantly more (P
< 0.001) severe disease symptoms (mean disease severity score 50) than isolates of
M. nivale var. nivale (mean disease severity score 19) (Figure 25). Variation in
disease severity between pathogen isolates was evident. Disease severity scores for
M. nivale var. majus isolates ranged from 21 to 33 and variation between M. nivale
var. majus isolates ranged fi^m 32 to 98 M. nivcde var. majus.

Seedim g growth
There was little statistical evidence {P < 0.001) to suggest that inoculation with
M nivcde var. nivale reduced the length of seedlings’ coleoptiles or shoots (Figures
26 and 27). However, following inoculation with isolates of var. nivale root length
was significantly (P < 0.001) reduced fix)m 136 mm to 113 mm (Figure 28).
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F ig u re 24 The em ergence o f w heat seedlings following inoculation o f seed (lot No. 4,
s e e T a b l e 3 ) with conidia from isolates o î M icrodochium nivale var. majus and M . nivale
var. nivale. Seedlings were grown at 6 ° C . The SEM for non-inoculated seed = 0.248 and
for inoculated seed = 0.3 51. The LSD (P = 0.05) for non-inoculated vs inoculated = 0.17
and for inoculated vs inoculated = 0.97; D o f F = 68; CV = 13%.
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Fi gure 25 The d is e a s e sco re o f e m e rg e d w h e a t se e d lin g s fo llo w in g in ocu lation of
seed (lo t N o. 4, see T ab le 3) with c o n id ia from isolates o f M ic r o d o c h iu m n iv a le var.
m a ju s an d M . n iv a le var. n iv a le . S eedlin gs w ere g ro w n at 6 °C . The S E M for nonin o c u late d seed = 1.98 (n = 16), for in o c u late d seed w ith the ex c e p tio n o f isolate
N o . 4 = 2.81 ( n = 8) and for iso la te N o . 4 = 7.9 ( n = 1);D o f F = 61; C V = 2 2 % .
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F i g u r e 26 The coleoptile length o f wheat seedlings fo llowing inoculation o f seed
( l ot N o . 4 , s e e T a b l e 3 ) wi t h c o n i d i a f rom i s o l a t e s o f M i c r o d o c h i u m n i v a l e var.
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C V = 8.5%.
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M . n i v a l e va r . n i v a l e . S e e d l i n g s w e r e g r o w n at 6 °C . Th e S E M f o r n o n - i n o c u l a t e d
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14%.
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Inoculation with isolates o f M nivale var. majus produced seedlings with
significantly (P < 0.001) shorter coleoptiles, shoots and roots than the seedlings
inoculated with isolates of M. nivale var. nivale or the non-inoculated controls
(Figures 26,27 and 28).
VariaticHi between isolates with respect to their effect on coleoptile, shoot and
root length was observed. Again, greater variation was observed between the
seedlings inoculated with isolates M nivale var. majus than with isolates o f M
nivale var. nivale.

DISCUSSION

The relative occurrence of M. nivale var. majus and M. nivale var. nivale on
naturally contaminated winter ^ e a t seed is uncertain. O f the eight isolates of M.
nivale recovered from U.K. wheat seed samples by Lees et al. (1995) all were
classified as M. nivale var. majus. However, thè present study has shown that both
M. nivale var. mcgus and M. nivale var. nivale can be recovered from wheat seed. The
majority o f isolates were found to be M. nivale var. majus with only six of the 91
isolates classified being M nivale var. nivale.
A possible reason f x the predominance of M. nivale var. mcgus on wheat seed
was proposed by Parry et al. (1995). They proposed that the increased perithecial
production they observed in vitro from isolates o f M. nivale var. majus may readily
lead to ear infection via wind-bome ascospores. The more likely route for ear
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infection by isolates o f M. nivale var. nivale being via splash-borne conidia which
is reliant on rain q)lash events for inoculum dispersion (Jenkinson and Parry, 1994).
A similar situation occurs with respect to the infection of wheat ears by F.
gram ineanm . Francis and Burgess (1977) reported the existence of two distinct
populations of F. gram ineanm (Group 1 and Group 2). Group 2 isolates were
considered homothallic perithecia producers and were commonly isolated from wheat
ears, whereas Group 1 isolates were described as probably heterothallic or infertile
and were commonly isolated from wheat stem-bases. However, like M. nivale var.
majus and M. nivcde var. nivcde, bodi Groiq) 1 and Groiq> 2 have been associated with
ear b li^ t (Burgess et a l, 1987).
Differences between isolates of M. nivcde with respect to perithecial
production were also observed by Smith (1983). Smith observed that two M. nivcde
isolates recovered from winter wheat seeds from Norway readily produced porithecia
in vitro. However, no perithecia were produced by isolates recovered from grasses,
under similar conditions. Smith speculated that the isolates recovered from grasses
were M. nivcde var. nivale and those from v/heat were M. nivcde var. majus. However,
Smith was unable to distinguish between the two groups o f isolates on the basis of
conidial morphology owing to an insufficient number of available cereal isolates. The
results from the present study do add some weight to Smith’s proposal that M. nivcde
var. nivale isolates are less likely to produce perithecia than M. nivcde var. majus
isolates and that turf grass isolates may more commonly be the former and cereal
isolates more commonly the latter.
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In addition, to being more common on ^ e a t seeds, the results from this study
also showed that isolates M. nivale var. majus were more pathogenic on wheat
seedlings than isolates of M. nivale var. nivale under the test conditions applied.
Differences in the pathogenicity of M. nivale isolates towards barley seedlings were
observed by Perry and Al-Hashimi (1983) but no differentiation was made between
var. majus and var. nivale isolates. Maurin (1993) worked with isolates classified as
either M. nivale var. majus or M. nivale var. nivale and observed differences in
pathogenicity between the two M. nivale varieties. He found that M. nivale var.
mcgus showed only weak pathogenicity as compared to M. nivale var. nivale but did
not state towards which plant this difference in pathogenicity was observed or how
the test was performed. Subsequently Maurin et al. (1995) found no clear correlation
between M. nivale variety and pathogenicity towards wheat seedlings (cv. CampRemy) inoculated with mycelial plugs at the two leaf stage. Therefore, although there
is some evidence for the differential pathogenicity of the two M. nivale varieties on
cereals it is not clear i^ c h M. nivale variety is more pathogenic on which cereal. In
addition, the work in the present study was only performed with one wheat cultivar.
Brigadier inoculated with macroconidia. It is possible that the pathogenicity of M.
nivale isolates is different not only with respect to the cereal tested and the cultivar,
but also the method and timing of inoculation.
The fact that M. nivale var. majus appears to be more common on naturally
contaminated wheat seeds and more pathogenic towards wheat seedlings than M.
nivale var. nivale may be important with respect to the control of seedling b li^ t
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synqitoms in the field. Little is known about the relative effects of fungicides on the
two varieties. Pairy et al. (1995) observed that only two of tlie 237 isolates o f M
nivale ûiey tested were sensitive to benomyl, a chemical belonging to the MBC group
of fungicides which can be found in cereal seed treatments. Such a fungicide would
control isolates of M. nivale var. nivale sensitive to MBC’s but not resistant isolates
or isolates o f the more frequently isolated M. nivale var. majus. The relative effects
of other commonly used fungicides towards the two M. nivale varieties is unknown.
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CHAPTERS

Chemical control of Fusarium seedling blight caused by natural M
nivale contamination o f wheat seeds
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INTRODUCTION

The chemical control of Fusarium seedling blight using fongicide seed
treatments can significantly decrease the severity o f visible symptoms (Chapter 1).
As discussed in previous chapters, environmental foctors such as temperature
and soil water (Chapter 5) and the percentage o f seeds contaminated by M nivale
(Chapter 6) can have a marked effect on the severity of seedling blight symptoms. It
is likely that disease severity will be greatest when a seed lot with a large percentage
of seeds contaminated by M. nivale is sown into cold dry conditions where the rate
of seedling emergence will be slow.
There is little information about the relationship between the efficacy of
fiingicide seed treatments and conditions conducive to seedling b li^ t, for example
increasing percentage M. nivale seed contamination and decreasing temperature.
The aims o f the work in this chapter were to (i) investigate the relationship
between the percentage of seeds naturally contaminated by M. nivale in a seed lot and
the efficacy of a range of fungicide seed treatments, (ii) study the effect of
tenqserature on fungicide seed treatment efficacy and, (iii) evaluate the effects of seed
treatments in the field and to monitor M. nivcde and F. culmorum stem-base infections
throughout the growing season in established wheat plants.
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MATERIALS AND METHODS

Details of the fungicides used as seed treatments in the following experiments
are given in Table 19.

Table 19 Details of fungicides used as seed treatments
active ingredient(s)

formulation

concentration
(g/1)

use rate
(ml/100kg seed)

carboxin +
thiabendazole

FS

360 + 20

250

flutriafol

FS

25

200

guazatine

LS

300

200

prochloraz

LS

200

200

fenpiclonil

FS

50

400

thiabendazole

FS

20

250

flutriafol + maneb

LS

25 + 400

200

(i) The Relationship between the Percentage of N aturally Contaminated Seeds
(Inocnlum Load) and the Efficacy of Fungicide Seed Treatm ents

SeedUfMjmd
Winter wheat seed cv. Riband (seed lot Nos 20, 19, 17, 15 and 22 (Table 3))
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was used in this study. Seed lots Nos 20,19,17, and 15 had been tested for M nivale
contamination previously and had 8%, 19%, 44% and 72% of seeds contaminated by
M. nivale respectively (Chapter 3). Seed lot 22 was tested similarly (Chapter 2) and
found to have no seeds contaminated by M. nivale.

Seed treatments used
Seed treatments containing carboxin + thiabendazole (TBZ), flutriafol,
guazatine, prochloraz and fenpiclonil were used in this study. The seed treatments
were applied to seed o f each of the lots tested using a bench top Mini Rotostat
(Marline (General Engineers) Limited, Watton, Norfolk, U.K.) at the rates given in
Table 19. A sample o f seed from each of the seed lots tested was left untreated to
provide controls. A treatment list for the experiment is given in Table 20.

SowingMsetid
Following treatment with fungicide, seeds were sown at the rate of 10 seeds
per jar in glass jars containing 60 g of sterilized soil-based compost (John Innes Seed)
to a depth of 2 cm (Table 4). Three replicate jars were used for each treatment. The
jars were then placed in an incubator set at 6°C according to a fully randomised
design, and illuminated for 12 hours per day by Philips cool-white fluorescent tubes.
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Table 20 Treatment numbers for treatments used to investigate the relationship
between inoculum load and the efficacy of fungicide seed treatments for the control
of Microdochiian nivale seedling bligbt of winter wheat
Fungicide seed
treatment

Percentage of seeds contaminated by
Microdochium nivale
0

8

19

44

72

No fungicide

1

7

13

19

25

flutriafol

2

8

14

20

26

carboxin +TBZ

3

9

15

21

27

guazatine

4

10

16

22

28

prochloraz

5

11

17

23

29

fenpiclonil

6

12

18

24

30

Assessm ents o f seedling emergence and seedling p vw th
The total number of emerged seedlings was counted daily. Seedling emergence
was taken to be conq)lete when no further seedlings emerged on five successive days.
The mean seedling emergence time in days was calculated using Equation 1 (Chapter
2) (Khah et al., 1986). The mean rate of emergence was calculated as the reciprocal
of the mean seedling emergence time in days .
Following complete emergence, die length of each seedling’s coleopdle, shoot
and longest root was measured. The severity of disease symptoms on emerged
seedlings was then assessed and a disease score was calculated (Chapter 2). Seedling
dry weight was then measured following oven drying at 102°C to constant weight.
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Seedling emergence, rate of seedling emergence, coleoptile length, shoot
length, root length and dry weight data were analysed statistically using factorial
ANOVA. Microdochium nivale contamination and fungicide seed treatment were
treated as factors. Statistical analyses were performed on a personal computer using
the program Statgraphics. Disease severity data were not analysed statistically using
ANOVA because of the lack of variability in the data owing to few seedlings having
visible disease symptoms. Mean disease severity values for each treatment are
presented.

(ii) The Effect of Temperature on the Efficacy of Fungicide Seed Treatments

Seed lots and fungicide seed treatments used
Winter wheat seed cv. Riband (seed lot Nos 15 and 22 (Table 3) was used in
this study. The two seed lots had been tested for M. nivale contamination previously
and had 72% and 0% of seeds contaminated by M. nivale respectively (Chapter 6).
Seed treatments containing flutriafol, guazatine, prochloraz and thiabendazole (TBZ),
were applied to seed of each of the two seed lots with a bench top Mini Rotostat at
the rates given in Table 19. A sanq)le of seed fix>m each of the seed lots used was left
untreated to provide controls. A treatment list for the ejqjeriment is given in Table 21.
Seeds were sown at the rate of 10 seeds in glass jars containing 60 g of
sterilized soil-based compost (John hmes Seed) to a depth of 2 cm (Table 4). Four
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replicate jars were used for each seed lot/fungicide treatment. The jars were then
placed in an incubator set at either 6°C, 8°C, 10°C or 12°C according to a fully
randomised design, and illuminated for 12 hours per day by Philips cool-white
fluorescent tubes.

Assessm ents o f seedling emergence and seedHnsj growth
The total number of emerged seedlings was counted daily. Seedling emergence
was taken to be conq)lete

no further seedlings emerged on five successive days.

The mean seedling emergence time in days was calculated using Equation 1 (Chapter
2) (Khah et aJ., 1986). The mean rate of emergence was calculated as the reciprocal
of the mean seedling emergence time in days .
Following complete emergence, the length of each seedling’s coleoptile was
measured. Seedling stem-base infection was then assessed by excising stem-bases
flrom seedlings, surface sterilizing them and then placing them onto PDA in Petri
dishes prior to incubation at 15 °C. After 10-14 days the resultant fungal colonies
were examined and identified (Chapter 2).

m otysk
Seedling emergence, rate of seedling emergence, coleoptile length, coleoptile
infection and disease severity data were analysed statistically using factorial ANOVA
to determine the effects of M. nivale contamination, fungicide seed treatment and
temperature on seedling blight disease severity and subsequent seedling growth.
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Statistical analyses were performed on a personal computer using the software
program Statgrq)hics. Data from treatments 21-40 (0% M. nivale) were omitted from
the analyses of seedling emergence, coleoptile infection and disease severity because
of the lack of variability in the data owing to no disease in these treatments. No
chemical phytotoxicity or evidence of disease was seen in the omitted treatments.

Table 21 Treatment numbers for treatments used to investigate the relationship
between tenq)erature and the efficacy of ftmgicide seed treatments for the control of
Microdochium nivale seedling bligftt of winter wheat
Seed treatment

Temperature (°C)
6

8

10

12

Untreated

1

2

3

4

flutriafol

5

6

7

8

guazatine

9

10

11

12

prochloraz

13

14

15

16

thiabendazole

17

18

19

20

Untreated

21

22

23

24

flutriafol

25

26

27

28

guazatine

29

30

31

32

prochloraz

33

34

35

36

thiabendazole

37

38

39

40

72% M. nivale

0% M. nivale
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(iii) The Efficacy of Fungicide Seed Treatm ents In the Ficld

Seed lots andfungicide seed treatmenf^umd
Two seed lots of winter >^eat cv. Riband and Lynx (Lot Nos 15 and 13, Table
3) were used in these field trials. The two seed lots had previously been tested for M
nivale contamination and had 72% and 38% of seeds contaminated by M. nivale
respectively (Chapter 3). Seed treatments were applied to seed fix>m each lot using
a modified Mini Rotostat seed treater. Seed was treated with five seed treatments
containing the fimgicides; flutriafol + maneb, guazatine, prochloraz, fenpiclonil and
carboxin + TBZ at the recommended rates (Table 19). Seed fix>m each lot was left
untreated to provide controls. A treatment list is given in Table 22.

Table 22 Treatment number and ftmgicide seed treatment used in field trials
Treatment No.

Fungicide seed
treatment

1

Untreated

2

prochloraz

3

carboxin + TBZ

4

fenpiclonil

5

guazatine

6

flutriafol + maneb
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TrMskeM aHk mdsQwmg Qf
Two small plot field trials were sown in December 1993, trial No. 1 in
Cambridgeshire and trial No. 2 in Lincolnshire. Site details are given in Table 23.
Both trials were of a randomised block design with four blocks, and formed part of
two Zeneca Crop Protection seed treatment efficacy trials. The trials were drilled into
a wet and cold seedbed with a Hege small plot drill producing plots 1.5 m wide and
12 m long.

Table 23 Site details for the two seed treatment efficacy field trials
Trial Number
1

Little Abingdon, Camb.

Leadenham, Line.

winter wheat

winter wheat

Lynx

Riband

Soil texture

Sandy clay loam

Sandy loam

Sowing date

07/12/93

01/12/93

Sowing rate

328 seeds/m^

398 seeds/m^

Location
Crop
Cultivar

Assmmntsj^Qtmd. QtiffMMak
A range of assessments were performed throughout the growth of the crop and
are summarised in Table 24.
Crop establishment was assessed Wien the crop was at GS 11-12. The number
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of plants on both sides of a 0.5 m stick, placed between two drill rows, was counted
at four random points across the plot. The mean of the four values gave the number
of plants per metre row in each plot.
The presence of M. nivale lesions on the stem-base was assessed at GS 11-12
and GS 30-31. Ten plants per plot were selected at random and the presence or
absence of lesions noted.
The number of tillers per plant was assessed at GS 30-31. Ten plants per plot
were selected at random and the number of tillers on each plant was recorded.
The number of ears per n f was assessed at GS 90 (trial No. 1) and GS 92 (trial
No. 2). The number of ears in a 0.25 n f quadrat was counted at four points at random
across the plot These four values were added together to give the number o f ears per
m^ in each plot.
Crop grain yield was assessed by harvesting whole plots using a Sampo 2010
small plot combine. Grain moisture content was also recorded using a Sinar Agritech
moisture computer. Grain yield per plot was adjusted to t/ha at 85 % dry matter.
Stem-base infection by M. nivale and F. culmorum was assessed at GS 11-12,
GS 30-31, GS 45 and GS 75, at both of the sites. Ten plants were selected at random
from across the plot and following washing and surface sterilization the stem-bases
were placed onto PDA in Petri dishes and incubated at 15°C for 10 -14 days (Chapter
2). The resultant fungal colonies were then identified according to their colony and
spore morphology.
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Table 24 Assessment details for field trials No. 1 and 2

Trial No. 1 (Camb.)

Trial No. 2 (Line.)

Date

Assessment

03/03/94

Crop establishment*

24/03/94

Stem-base isolations

04/05/94

Number of tillers/plant
Stem-base isolations

14/06/94

Stem-base isolations

20/07/94

Crop ear count
Stem-base isolations

08/08/94

Grain yield and
moisture content*

10/03/94

Crop establishment*

24/03/94

Stem-base lesions
Stem-base isolations

19/05/94

Number o f tillers/plant
Stem-base lesions
Stem-base isolations

14/06/94

Stem-base isolations

20/07/94

Stem-base isolations

30/08/94

Crop ear count*
Grain yield and
moisture content*

* Assessments performed by Zeneca Crop Protection e>q)erimentalists
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Data anafysis
Data were analysed using ANOVA and where the effect of treatment was
found to be statistically significant (P < 0.05) LSD (P = 0.05) was used to
differentiate between treatment means. Certaiii stem-base infection data were not
analysed using ANOVA because of their lack of suitability for this analysis owing to
few infections being detected. In such cases treatment means are presented.

RESULTS

(i) The Reladomship between the Percentage of Naturally Contaminated Seeds
(Inoculum Loam and the Efficacy of Fungicide Seed Treatments

Seedting emergence
As can be seen from Figure 29a, seed treatments containing carboxin + TBZ,
guazatine, prochloraz and fenpiclonil all gave good control of pre-emergence seedling
death. Seed not treated with fungicide and that treated with flutriafol produced fewer
seedlings than the previous treatments. Most seedlings emerged (15.3 and 15.6
seedlings) fix>m the two seed lots with little or no M. nivale contamination (0% and
8% respectively). Progressively fewer seedlings emerged as the percentage
contamination of the seed lot increased fi*om 19% (14.6 seedlings) to 72% (12.4
seedlings) (Figure 29b), especially for seed without fungicide and that treated with
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flutriafol. This effect was h i^ig ftted by the statistically significant interaction
observed between M. nivale contamination and seed treatment and can be seen in
Figure 29c.

The rate o f seedting emergence
The rate of seedling emergence following treatment with carboxin + TBZ and
flutriafol was not significantly different (P =0.05) fix)m that of untreated seed (0.0368
day‘‘). However, treatment with prochloraz reduced the rate of seedling emergence
(0.0358 day"^) and treatment with guazatine or fenpiclonil increased the rate of
seedling emergence (0.0376 and 0.0380 day'^ respectively) with respect to the
untreated (P < 0.05) (Figure 30a). Seedlings emerged fastest fix)m seed with 0% M.
nivale contamination (0.0375 day^) and slowest fix>m seed with 72% M. nivale
(0.0364 day'O (Figure 30b). The rate of seedling emergence decreased as the
percentage of M nivale contaminated seeds increased with the exception of seed lot
No. 20 with 8% M. nivale.

Seedling ÇQkoptUe length
Seed treatment with an azole fungicide resulted in seedlings with short
coleoptiles, treatment with prochloraz (23.6 mm) being significantly shorter than
with flutriafol (30.0 mm). The other fungicides tested (fenpiclonil, carboxin + TBZ
and guazatine) produced seedlings with coleoptiles significantly longer (34.4, 34.9
and 35.7 mm respectively) than the untreated (32.1 mm) (Figure 31a). Seed without
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Figure 29a

Figure 29b
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carboxin +TBZ
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flutriafol
guazatine
fenpiclonil

w.
44%

72%

M. nivale contamination

Figure 29c

untreated

flutriafol

carboxin + TBZ

guazatine

prochloraz

fenpiclonil

10% M 8% H 19% H 44% □ 72%

F ig u re 29 The effect o f (a) fungicide seed treatment (SEM = 0.190), (b) natural
M icrodochium nivale seed contamination (SEM = 0.174) and (c)the relationship between
fungicide seed treatment and M. nivale seed contamination (SEM = 0.43, LSD {P = 0.05)
= 1.2) on the mean num ber o f emerged wheat seedlings cv Riband (lot Nos 20, 19, 17,
15 and 22, see Table 3). D o f F = 60; CV = 5.14%.
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Figure 30b
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F ig u re 30 The effect o f (a) fungicide seed treatm ent (SEM = 2.5 x I O'*; LSD ( f = 0.05) = 6.8
X 10-*) and (b) natural Microdochium nivale seed contam ination (SEM = 2.2 x 10“*; LSD {P 0.05) = 6.2 X 10-*) on the rate o f emergence o f wheat seedlings cv Riband (lot N os 20, 19,17, 15
and 22, see Table 3). D o f F = 60; C V = 2.6% .
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M nivale contaminatioii produced seedlings with longer coleoptiles (35.4 mm) than
seed contaminated by M. nivale (30.1 to 31.9 mm) (Figure 31b). A significant
interaction was observed between M. nivale contaniination and seed treatment and
this can be seen in Figure 31c.

Seedling sHoqJ fm gilh
Seed treated with flutriafol and that not treated with a ftmgicide produced
seedlings with the shortest shoots (85.5 and 87.5 mm respectively). Treatment with
fenpiclonil resulted in seedlings with significantly longer shoots (111.2 mm) than
those of the other treatments (Figure 32a). Seed without M. nivale contamination
produced seedlings with longer shoots (105.3 mm) dian with M nivale contamination
(Figure 32b). Seed with 72% M. nivale contamination produced seedlings with the
shortest shoots (85.9 mm). A significant interaction was observed between M. nivale
contamination and seed treatment and this can be seen in Figure 32c. Untreated seed
produced seedlings o f shorter shoot length as the percentage of M. nivale
contaminated seed in each lot increased, whereas the effect of M. nivale
contamination on shoot length was eliminated with fenpiclonil treatment.

SeedlmgriaiU engih
Tlie two azole treatments, flutriafol and prochloraz, produced seedlings with
roots which were not significantly different in length (P = 0.05) to those fix)m
untreated seed. However, treatment with guazatine, carboxin + TBZ and fenpiclonil
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Figure 31a

Figure 31b
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10% 0 8% M 19% □ 44% □ 72%

F ig u re 31 The effect o f (a) fungicide seed treatment (SEM - 0.45), (b) natural
Microdochium nivale seed contamination (SEM = 0.41) and (c) the relationship between
fungicide seed treatment and natural M. nivale seed contamination (SEM = 1.0; LSD {P
= 0.05) = 2.8) on the coleoptile length (mm) of emerged wheat seedlings cv Riband (lot
Nos 20, 19, 17, 15 and 22, see Table 3). D of F = 60; CV = 5.5%.
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Figure 32a

Figure 32b
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Figure 32 The effect of (a) fungicide seed treatment (SEM = 2,32), (b) natural Microdochium
nivale seed contamination (SEM = 2.12) and (c) the relationship between fungicide seed
treatment and naturalM. nivale seed contamination (SEM = 5.19; LSD {P = 0.05) = 14.4) on the
shoot length (mm) of emerged wheat seedlings cv Riband (lot Nos 20, 19, 17, 15 and 22, see
Table 3). D o f F = 60; CV = 9.4%.
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produced seedlings with significantly longer roots (P = 0.05) (Figure 33a). Seed with
72% M nivak contaminated seed produced seedlings with significantly shorter (P =
0.05) roots than seedlings fix>m the other seed lots tested (Figure 33b).

Seedling dry itim h t
Seed not treated with fungicide and that treated with flutriafol produced
seedlings with a significantly lower dry weigjit (0.40 g and 0.39 g respectively) than
the other fungicide treatments tested (P = 0.05). Treatment with guazatine (0.55 g)
and caiboxin + TBZ (0.57 g) produced seedlings with the greatest dry weight (Figure
34a). As can be seen in Figure 34b, seed with 8% of seeds contaminated by M. nivale
produced seedlings with the greatest dry w e i^ t (0.58 g) and seed with 19% M.
nivale produced seedlings wifii the least (0.42 g)(P = 0.05). A significant interaction
was observed between M nivale contamination and seed treatment. Seedling dry
weight decreased with increasing M nivale contamination when seed was either not
treated with ftmgicide or was treated widi fiutriaft>l. The w ei^ t of seedlings produced
following treatment with the other fungicides tested was unaffected by increasing M.
nivale contamination (Figure 34c).

A summary of F ratios and statistical significance (P) for the analysed data are
presented in Appendix 1.
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Figure 33a
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Figure 33 The effect of (a) fungicide seed treatment (SEM = 4.22; LSD {P = 0.05) =
11.7) and (b) natural Microdochium nivale seed contamination (SEM = 3.85; LSD (P =
0.05) =10.7) on the root length (mm) of emerged wheat seedlings cv Riband (lot Nos 20,
19, 17, 15 and 22, see table 3). D of F =60; CV = 17.9%.
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Figure 34a

Figure 34b
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F igure 34 The effect of (a) fungicide seed treatment (SEM = 0,0114), (b) natuTsdMicrodochium

nivale seed contamination (SEM = 0.0104) and (c) The relationship between fungicide seed
treatment and natural M. nivale seed contamination (SEM = 0.0254, LSD (P = 0.05) = 0.07) on
the dry weight of emerged wheat seedlings cv Riband (lot Nos 20, 19, 17, 15 and 22, see Table
3). D o f F = 6 0 ; C V = 8 . 9 % .
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(u\ The Effect of Temperature on the Efficacy of Fimgidde Seed Treatments

Seedling emergence
Seedling emergence from seed with no M nivale contamination was good
irrespective of tenq)erature or fungicide seed treatment application. A minimum of 9
of the 10 seedlings sown emerged in each of the treatments’ replicates.
However, significant differences {P < 0.001) were observed between
tenq)erature and fungicide treatments when M. nivale contaminated seed was sown.
Overall, seedling emergence increased fix>m 6.3 seedlings at 6°C to 9.0 seedlings at
12°C (Figure 35b). Seed not treated with fungicide and that treated with TBZ
produced the fewest seedlings (6.5 and 6.6 seedlings respectively). Treatment with
flutriafol resulted in significantly greater number of emerged seedlings (8.1 seedlings)
with guazatine and prochloraz treatments producing the greatest number of emerged
seedlings, 9.3 and 9.6 respectively (Figure 35a). A significant interaction was
observed between temperature and fungicide treatment and this can be seen in Figure
35c. Seedling emergence decreased with decreasing temperature when seed was not
treated with a fungicide and treated with TBZ or flutriafol, whereas no reduction in
emergence was seen following treatment with guazatine or prochloraz.

Raie o f seedling emergence
Treatment with prochloraz resulted in slower emergence than treatment with
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Figure 35a

Figure 35b
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F ig u re 35 The effect o f (a) fungicide seed treatm ent (SEM = 0.341), (b) tem perature
(SEM = 0.305) and (c) The relationship b etw een fungicide seed treatm ent and
tem perature (SEM = 0.682; LSD (P = 0.05) = 1.36) on the em ergence o f w heat seedlings
cv R iband (lot N o . 15, see T able 3). D o f F = 60; CV = 17%.
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TBZ, flutriafol or no fungicide, vM lst treatment with guazatine greatly increased the
rate of seedling emergence (Figure 36a). As Figure 36b shows, overall, the rate of
seedling emergence decreased fix)m 0.03 days^ at 12°C to 0.06 days"^ at 6°C. There
was a significant interaction between M. nivale seed contamination and fungicide
seed treatment vM ch can be seen in Figure 36c. The rate of seedling emergence was
slower with M. nivale contaminated than non-contaminated seed for all of the
fungicide treatments with the exception of guazatine. Treatment with guazatine
resulted in a much fester rate of emergence fix)m the cmtaminated seed than the non
contaminated seed.

Seedling eakeptile Imgth
Seed with no M. nivale contamination produced seedlings with longer
coleoptiles (34.7 mm) than seed contaminated by M. nivale (27.0 mm). Treatment
with fungicide had a marked effect on coleoptile length. Coleoptiles were shortest
with the two azole treatments flutriafol (24.9 mm) and prochloraz (27.3 mm) and
longest following treatment with guazatine (37.2 mm). There was little difference
between the length of coleoptiles following treatment with TBZ or in the absence of
fungicide (32.8 mm and 32.2 mm respectively) (Figure 37a). The effect of
temperature on coleoptile length was less clear with the longest coleoptiles being
produced at 6°C and 12°C, 33.6 mm and 34.2 mm respectively. Seedlings with the
shortest coleoptiles occurred at 8°C (23.4 mm) (Figure 37b). Significant interactions
were observed between each of the main factors; M. nivale seed contamination.
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fungicide seed treatment and temperature (Appendix 2).

SeeÆ ng-Skiih bm g Jnieed en hy M. PMvate

No stem-base infection was observed in seedlings from the non-contaminated
seed lot However, temperature and fungicide seed treatment had a significant effect
on the infection of seedling stem-bases by M. nivale fix)m contaminated seed.
Treatment wife prochloraz and TBZ produced a similar number of infected seedlings
as seed not treated with a fungicide (5.2, 4.7 and 4.7 respectively). Fewer infected
seedlings (2.9) were observed following treatment wife guazatine. Seed treated wife
flutriafol produced fee greatest number of infected seedlings (7.5) (Figure 38a).
Overall, fee greatest number of infected seedlings (7.5) occurred at 8°C and the least
(3.2) at 6°C. (Figure 38b). A significant interaction was observed between
temperature and fungicide treatment which can be seen in Figure 38c. Following
treatment wife prochloraz and guazatine the greatest number of seedlings wife
infected stem-bases was observed at 8°C. This pattern of seedling infection wife
tenq)erature was different for fee other treatments where no obvious peak in seedling
infection was observed at 8°C.
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Figure 36a

Figure 36b
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Figure 36 The effect of (a) fungicide seed treatment (SEM = 8.7x1 (H), (b) temperature (SEM
= 7.79 X 10"*) and (c) The relationshÿ between ftmgicide seed treatment and natural
Microdochiian nivale seed contamination (SEM = 1.23 x 1 LSD {P = 0.05) = 3.41 x 10*^) on
the emergence o f wheat seedlings cv Riband (lot No. 15, see Table 3). D of F = 60; CV —3.6%.
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Figure 37a

.s

Figure 37b
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Figure 37 The effect of (a) fungicide seed treatment (SEM = 0.505) and (b) temperature
(SEM = 0.452) on the coleoptile length of Wieat seedlings cv. Riband (lot No. 15, see Table
3). D of F = 120; CV = 9.2%.
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Figure 38a

Figure 38b
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Figure 38 The effect o f (a) fungicide seed treatment (SEM = 0.417), (b) temperature (SEM =
0,373) and (c) The relationship between fungicide seed treatment and natural Microdochium
nivale seed contamination (SEM = 0.834, LSD {P = 0.05) = 2.31) on the infection o f wheat
seedling coleoptiles cv Riband (lot No. 15, see Table 3) D of F = 60; C V = 33%.
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Seedling disease severUy
Disease symptoms were not observed on seedlings from seeds with no M
nivale contamination. Disease symptoms were most severe on emerged seedlings
from seed not treated with a fungicide (40.8), and that treated with flutriafol (38.5).
The least severe disease symptoms were seen on seedlings following treatment with
guazatine (13.8) and prochloraz (18.6) (Figure 39a). Overall, M. nivale disease
synq)toms on emerged seedlings were most severe (65.2) at 8°C. Disease symptoms
were common at 6°C but not at 10°C or 12°C (Figure 39b).

A summary of F ratios and statistical significance {F) for the analysed data are
presented in Appendix 2. Microdochium nivale contamination was not included as a
frctor in the analysis of seedling emergence, seedling stem-base infection or disease
index data, and F ratios are not presented. Microdochium nivale contamination was
omitted as a frictor owing to the lack of seedling disease in the absence of the
pathogen. Statistically significant differences {P < 0.05) were observed for fungicide
seed treatment and temperature main effects in each analysis. Microdochium nivale
contamination had a significant effect on seedling coleoptile length. Statistically
significant interactions (P < 0.05) between main effects were also observed in all but
the disease index data.
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(iü^ The Efficacy of Fungicide Seed Treatm ents ini lheJEjcId

Fungicide seed treatment had a significant effect {P = 0.05) on crop
establishment, tiller number, ear number and yield at both trial sites with the
exception of yield at site No. 1 where no significant difference {P = 0.05) was
observed between fimgjcide treatment and yield. Significant differences between
treatments with respect to M nivcde lesions on the stem-base at GS 10-11 and OS 3031 were seen at trial she No. 2. No M. nivale lesions were seen at trial site No. 1 and
no assessments were made.
Stem-base infection by M. nivale was significantly (P = 0.05) affected by
fungicide seed treatment at GS 10-11 at trial site No. 1 and GS 10-11,45 and 75 at
trial site No. 2. Stem-base infection by F. culmorum was significantly affected by
fungicide seed treatment at GS 30-31 at trial site No. 2. A summary of F ratios and
statistical significance (P) for the analysed stem-base infection data are presented in
Appendix 3.

Crop estabUshmetU
A t site No. 1, treatment with fungicide increased the number of established
seedlings with respect to those without a seed treatment No significant differences
were observed between fungicide treatments (Table 25). At site No. 2, seedling
establishment in the untreated plots was much lower than at site No. 1 (2.5 and 15.1

plants per m row respectively), and again treatment with fungicide increased the
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number of established seedlings with respect to those without a seed treatment (Table
26). Significant differences {P = 0.05) were also seen between fungicide treatments.
Treatments containing flutriafol + maneb and carboxin + TBZ produced fewer
seedlings than the other fungicide treatments.

TMei. wm ker perpliM
At site No. 1, treatment with fungicide decreased the number of tillers per
plant with the exception of treatment with flutriafol + maneb which was not
significantly different from the untreated. No significant difference in tiller number
was seen between the other fimgicide treatments (Table 25).
At site No. 2, treatment with fungicide, including flutriafol + maneb, reduced
tiller number. There were significant differences between fungicide treatments.
Treatment with guazatine and fenpiclonil resulted in plants with fewer tillers (4.6 and
4.8) than treatment with carboxin + TBZ 6.6) (Table 26).

Crop eorjm M
At site No. 1, treatment with fungicide increased die number of ears per square
metre over that o f the untreated with the exception of carboxin + TBZ. The only
significant difference between fungicide treatments was that between carboxin + TBZ
and guazatine. Treatment widi guazatine resulted in 357 ears/m^ and carboxin + TBZ
321 ears/m^ (Table 25).
At site No. 2 treatment with fungicide increased the number of ears per square
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metre over tiiat of the untreated Treatment with carboxin + TBZ again resulted in the
lowest ear count from the frmgicide treatments, but at this site it produced
significantly fewer ears (189.2 ears/m^) than treatment with prochloraz (227.8
ears/m^) and fenpiclonil (234.2 ears/m^) (Table 26).

Grmn yield and moisture conteML
Little difference was seen in grain moisture content between treatments at both
sites. Moisture content ranged fix>m 15.2% to 15.3% at site 1 and 15.8% to 15.9% at
site 2. Significant differences between treatments for yield (t/ha @ 85% dry matter)
were shown at site No. 2 with fimgicide seed treatment increasing grain yield over
that of the untreated (2.9 t/ha). However, there were no significant differences
between fimgicide treatments (Table 26). No significant differences were seen at site
No. 1 (Table 25).

Plants with M. nivale lesions on the stem-base
Microdochium nivale lesions were only observed on the stem-base of plants
at site No. 2 and significant {P = 0.05) treatment effects were seen. At GS 10-11
significantly more plants had lesions in flutriafol + maneb, carboxin + TBZ and
untreated plots than the other fimgicide treatments (Figure 40a). At GS 30-31
significantly more plants with lesions were seen in fenpiclonil (5.5) and flutriafol +
maneb (6.0) treated plots than in untreated (3.0) plots. The fewest of plants with
lesions occurred in the prochloraz treated plots (1.8) (Figure 40b).
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Figura 40b

Figura 40a
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F ig u ra 40 The num ber o f w heat plants out o fte n vfith Microdoc Mum nivale lesions on the stembase at trial site N o. 2 (for details o f she, see Table 24) at (a) GS 10-11 (SEM = 0.52; LSD {P
= 0.05) = 1.6; D o f F = 15; C V = 27% ), (b) GS 30-31 (SEM = 0.59; LSD ( f = 0.05) = 1.8; D of
F = 1 5 ;C V = 2 8 % ).
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Stem-base infection by M. nivale and F. culmorum
At site No. 1, the greatest number of plants with stem-base M. nivale infection
occurred at GS 10-11. Flutriafol + maneb, carboxin + TBZ and untreated plots had
significantly more (P =0.05) stem-base infection (4.5,5.8 and 7.0 plants respectively)
than the other treatments (1.2 plants). Little stem-base infection was detected at GS
30-31, with none being detected in prochloraz, carboxin + TBZ and flutriafol +
maneb treated plots. More stem-base infection was detected at GS 45 (1.8 to 3.8
plants). However, there was no significant difference (P = 0.05) between treatments.
The number o f plants with stem-base infection again declined and at GS 75 a
maximum of 1.5 infected plants was observed in carboxin + TBZ plots (Figure 41).

At site No. 2, Ihe greatest number of plants with stem-base M. nivale infection
at GS 10-11 were again in flutriafol + maneb, carboxin + TBZ and untreated plots
(2.0, 4.0 and 3.2 plants respectively). However, unlike site No. 1, M. nivale stembase infection did not decrease with time. Microdochium nivale was detected in stembases at GS 30-31 in all plots although no significant difference between treatments
was observed. Significant differences between treatments were observed at GS 45.
Most stem-base infection was detected in fenpiclonil (3.0), guazatine (5.5) and
carboxin + TBZ (6.0) treated plots, although only carboxin +TBZ had significantly
more (P =0.05) plants with stem-base infection than the other treatments. Stem-base
infection was greatest at GS 75 with all but the prochloraz treated plots having at least
5 infected plants per plot (Figure 42).
At site No. 1, no F. culmorum stem-base infection was observed at GS 10-11.
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However, F. culmorum was detected in untreated and guazatine treated plots (0.2
plants) at GS 30-31. The frequency of F. culmorum isolations then increased at the
latter growth stages to a maximum of 2.8 plants infected in prochloraz treated plots
at GS 75, although there were no significant (P = 0.05) differences between
treatments (Figure 43).
As at she No. 2, no F. culmorum stem-base infection was observed at GS 1011. However, stem-base infection by F. culmorum was detected at GS 30-31.
Significant differences (P = 0.05) between treatments were observed at this growth
stajge with the greatest number of infected stem-bases occurring in untreated (4.0) and
prochlwaz (4.2) treated plots. Significantly fewer stem-bases were infected with F.
culmorum in fenpiclonil (0.5) and guazatine (1.5) plots (Figure 44).

piscaisism
The effectiveness o f fungicide seed treatments in controlling Fusarium
seedling blight o f wheat has been demonstrated in the field by many workers.
However, the robustness of many fungicides is not well understood. Noon and
Jackson (1992) sowed a single seed lot of winter wheat naturally contaminated by M.
nivale and treated with and without a range of fungicide seed treatments at two
different field sites, Lincolnshire and Warwickshire. Seedling disease was observed
at both sites but was most severe in Lincolnshire. Greater percentage control of
seedling disease was observed from the seed treatments in Lincolnshire but final
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yield, including the non-treated seed, was greater at the other site in Warwickshire.
It is understood that environmental conditions in the seedbed can affect the
establishment of non-contaminated wheat seed (Khah et al,, 1986), but the effect of
the interaction between the host, pathogen, environment and seed treatment on crop
establishment and disease severity is not hilly documented.
The results of this study from controlled environment eiqieriments showed that
the percentage of seeds contaminated by M. nivale, of which the majority of isolates
were probably M. nivale var. mcgm (Table 18), had little effect on the efficacy of the
seed treatments tested. This was also seen in the field where similar plant stands were
observed in treated plots fix>m two seed lots with different percentage M. nivcde
contaminations. However, a different situation was seen with respect to the effect of

temperature on the efficacy of the seed treatments tested.
Guazatine and prochloraz proved to be robust treatments giving similar control
of pre-emergence seedling death at each of the temperatures tested whilst treatment
with TBZ was ineffective. Control o f pre-emergence seedling death was seen from
flutriafol although the number o f emergent seedlings decreased with decreasing
tenoperature. In warm soil (12°C) good control was achieved but at 6°C seedling
emergence had decreased by over 20%. This suggests that flutriafol when used alone
as a seed treatment, may not be suitable for the control of M. nivcde in the field when
contaminated seed is sown into cold seedbed conditions.
As seen in previous chapters, there is a good relationship between the rate of
seedling emergence and the pre-emergence death of seedlings from naturally
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contaminated seed. O f the fungicides tested the most effective were fenpiclonil,
guazatine and prochloraz and of these fenpiclonil and guazatine increased the rate of
seedling emergence Wtilst with prochloraz tiie rate was reduced. There was therefore
no clear relationship between the rate of seedling emergence and subsequent disease
severity following fungicide treatment owing to the possible negative effect of
fungicide treatment on the growth of the plant (Burden et al., 1987).
Microdochium nivale infection affected seedling growth reducing coleoptile,
shoot and root lengdi. Where seed treatments were effective at controlling M. nivale,
coleoptile length and root length of seedlings from treated seeds were longer than the
untreated, with the exception of the azole fungicide treatments. Treatment with
prochloraz, and to a lesser extent flutriafol, produced seedlings with shorter
coleoptiles and roots than other seed treatments, even th o u ÿ disease severity was
reduced. The reduced seedling growth seen firom these treatments may be attributed
to the direct effect of the chemical on the growth of the seedling (Burden et al.,
1987), rather than that of the pathogen.
Isolations from established plants at both trial sites indicated that seed-bome
M. nivale acted as a source of inoculum for stem-base infection and that these
infections can initially be reduced by fungicide seed treatments. Similar control of
seedling infection fix>m seed treatments was seen by Hutcheon and Jordan (1992)
using soil-bome inoculum. Following treatment with a range of fungicides, Hutcheon
and Jordan sowed ^ e a t seeds in soil trays to which a mixture of straw colonised by
F. avenaceum, F. culmorum, F. graminearum and M. nivale was added. They
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observed no effect from seed treatment on seedling establishment. However,
treatment with flutriafol + TBZ, guazatine and carboxin + TBZ resulted in fewer
infected tillers at GS 30 and GS 31.
The duration of the effect of fungicide seed treatments on the control of stembase infection by F. culmorum was studied by Bateman (1980). Bateman showed that
of the fungicides tested only the systemic treatments benomyl, carbendazim, TBZ and
thiophanate-methyl gave control of F. culmorum when wheat seedlings were
inoculated 28 days after sowing. The non-systemic fungicide guazatine gave no
control of seedling b li^ t symptoms. The control of stem-base infection at GS 10-11
by guazatine at both trial sites in this study may therefore be attributed to disinfection
of the seed hence reducing pathogen inoculum rather than the effect of systemic
action.
The pattern of M. nivcde stem-base infection during the growing season was
not clear but appeared to be influenced by site and seed treatment, although this was
not fully substantiated statistically. At site No. 1 infection declined following
assessment at GS 10-11 with few isolates being recovered at GS 30-31. Infection
increased again at GS 45 before decreasing at GS 75. At she No. 2 no obvious decline
in infection subsequent to GS 10-11 was observed. Stem-base infection increased to
a peak at GS 45 before declining again. Where seed treatments reduced stem-base
infection at GS 10-11, infection remained low throughout the season.
The reduction in M. nivale infection observed at GS 30-31 at site No. 1
followed by an increase in infection later in the season was similar to that seen by
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Miedaner et cd. (1995) in winter rye in Germany. These workers inoculated plants at
GS 13 and monitored infection during the season by measuring the presence of fungal
protein using enzyme-linked immunosorbent assay (ELISA) within the stem-base.
They showed that the greatest amount o f fungal protein was present at GS 21 and
that the amount of protein decreased significantly during stem extension. The amount
of protein then increased from GS 65 to maturity.
Miedaner et cd. (1995) performed a similar e?q)eriment using F. culmorum and
observed a continuous increase in fungal protein during the season. This observation
is very similar to those observed for F. culmorum infection at both o f the trial sites
in the study reported here. No F. culmorum was isolated at GS lO-l 1 at either site
however subsequent assessments showed an increase in Ihe number of plants infected.
These patterns of M. nivale and F. culmorum stem-base infection during the
growing season matched closely those observed by Parry (1990) in commercial winter
wheat crops. Parry isolated Fusarium spp. including M. nivale firom stem-bases of
three wheat crops in each of three years and revealed some interesting trends. In some
crops Parry showed that fire fiequency of M. nivcde infection dipped during the season
in a similar feshion to that seen during this study at sites Nos 1 and 2. He attributed
this reduction in infection to either the action of foliar fungicides, for which there was
no clear evidence, or the reduction in late-formed tillers and the natural death of stembase leaf sheaths. Party cited work by G.L. Bateman received by personal
communication in evidence of the latter.
The occurrence of stem-base infection by F. culmorum observed by Parry also
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followed a similar pattern to those seen at sites Nos 1 and 2 where the frequency of
infected plants increased progressively th ro u ^ to GS 75.
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CHAPTER 9

General Discussion
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PISCUSSIQM

Fusarium seedling blight is an inportant disease of wheat in the U.K., not only
because it can result in large yield reductions following severe pre-emergence
seedling death, but also because it could provide a source of inoculum for subsequent
foot rot disease or ear blight epidemics.
Before 1992 and the withdrawal of mercury seed treatments in the U.K.
Fusarium seedling bligbt was not considered a serious problem. Mercury seed
treatments which were routinely applied to wheat seed gave adequate control of the
disease and serious outbreaks of Fusarium seedling blight were unknown. However,
the inportance of Fusarium seedling blight as a disease of wheat was re-established
when, following the withdrawal of mercury seed treatments in Ireland, severe
outbreaks of Fusarium seedling blight were seen in many wheat crops.
The withdrawal of mercury based seed treatments in the U.K. resulted in the
loss of an ine3q)ensive but effective method of controlling seedling blight Greater
knowledge of the epidemiology and control of Fusarium seedling blight was therefore
required so that the disease could be managed more effectively.

Source o f Tnn cD ln m

It has been shown that M. nivale can be seed or soil-bome and that these two
sources of inoculum can cause seedling b li^ t. Soil-bome inoculum is not thought to
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be inportant as a source of inoculum for seedling blight in U.K. field soils (Paveley
and Davies, 1994 and Paveley et cd., 1996). Seed-bome M. nivale is considered to be
the primary source of inoculum far seedling blight (Rennie, 1993), although amounts
on seed are variable firom year to year (Cockerell and Rennie, 1996).
The contamination of wheat seed by Af. nivcde is a result of ear blight in the
preceding seed crop and ear blight epidemics are affected by weather conditions at
andiesis (Party et cd., 1995). In the presence of sufficient inoculum ear blight is most
severe in cool wet conditions (Rennie and Cockerell, 1993). The occurrence of such
conditions are however infi:equent and the accurate prediction of seed contamination
based on weather data is not yet possible. For these reasons it would be advisable to
examine seed fin*M nivcde contamination before sowing. Visual assessment of seed
contamination by some fimgal pathogens is possible. For example, seed contaminated
by F. culmorum produces pink, shrivelled seeds and Altem aria spp. exhibit dark
patches known as “blaclqpoinf’. However, visual assessment for M. nivcde
contamination did not prove to be a reliable method fiar estimating seed contamination

in the study reported here. No clear or constant factor was correlated with M. nivale
contamination (Chapter 3).
Two common methods used for the detection of M. nivcde in wheat seed are
the paper towel and agar plate methods. These methods were evaluated in the study
reported here and both proved to be equally effective at identifying M. nivale
contaminated seeds (Chapter 3). The above methods produce a value for the degree
of contamination of a seed lot in terms of the percentage of seeds contaminated by M.
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nivale but no information regarding the extent of contamination of individual seeds
is given. It has been shown that the inoculum load placed on individual seeds can
have a significant effect on subsequent disease synq>toms (Millar and Colhoun,
1969). However, the percentage of contaminated seeds in a seed lot was shown by
Hunophreys et al. (1995) to be linearly related to seedling establishment In the study
reported here a close linear relationship between percentage M. nivale contamination
and seedling emergence was not fully established. In general, seedling establishment
did decrease with increasing contamination, but there was evidence to suggest that
this was not always the case (Chapter 6). In addition, the relationship between
percentage contamination and seedling emergence can be affected by environmental
conditions (Chapter 6)
Two sub-groups of M. nivale: M. nivale var nivale and M. nivale var. majm
have been identified although little has been written about their relative occurrence
on Wieat seed or their pathogenicity towards wheat seedlings. In the study reported
here it was shown that M. nivale var. majus was the predominant sub-group on the
wheat seed samples tested. O f 91 M nivale isolates recovered fix>m seven seed lots
of winter wheat 85 were M. nivale var. majus and six were M. nivale var nivale. The
pathogenicify of fiie two sub-groiq>s was investigated and all isolates tested produced
disease symptoms in wheat seedlings, although isolates o f M. nivale var. majus
produced the most severe synq)toms especially with respect to pre-emergence
seedling death (Chapter 7).
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The Effects of Temperature and Soil Water on Fnyoriiiiii Seedling Bliellt

Previous workers have investigated the effects of temperature and soil water
on the severity of Fusarium seedling blight. It is generally understood that seedling
blight synqjtoms of wheat following artificial inoculation with F. culmorum are most
severe in warm, dry soils (Colhoun and Park, 1964), whereas those firom M. nivale
are most severe in cold, dry soils (Nfillar and Colhoun, 1969). This was supported by
the study reported here which, in addition, showed that seedling disease caused by
natural M nivale contamination was also most severe in cold, dry soil (Chapter 5).
The effect o f temperature and soil water on the rate of wheat seedling
emergence and the relationship between the rate of emergence and subsequent
seedling disease caused by M. nivale was substantiated in the study reported here
(Chapters 5 and 6). The rate of seedling emergence was reduced in cold, dry soil
conditions and there was a close linear relationship between the rate of seedling
emergence and the number of em er^d seedlings, both fit)m artificially inoculated and
naturally contaminated seeds.

Control of Fusarium Seedling Blipht of Wheat

The feet that Wieat seed contaminated by Fusarium spp. are often small, l i ^ t
and shrivelled was used by Nakagawa and Yamaguchi (1989) to remove seed
contaminated by F. roseum fi*om a seed lot of winter wheat. They floated off the
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small shrivelled contaminated seeds from the non-contaminated seeds in a saline
solution, producing a seed sample with fewer contaminated seeds than the original
seed lot In die study reported here investigation o f three seed lots of wheat naturally
contaminated by M. nivale showed that small light seeds were not the sole
contaminated component of the seed lot Contaminated seeds were evenly distributed
by weight throughout each of the seed lots examined. Therefore, unlike F. roseum,
yfhere the *'cleaninÿ* of naturally contaminated seed lots was possible by the removal
of small li^ t seeds (Nakagawa and Yamaguchi, 1989), M. nivale contaminated seed
lots cannot be “cleaned” on the basis of seed size or w ei^ t. In addition, when sown,
small light seed suffered less than large heavy seed from subsequent pre-emergence
seedling death. More seedlings emerged from small light seeds than large seed and
diis effect was attributed to the fester rate of seedling emergence seen from the small
light seeds (Chapter 4).
In the study reported here, most of the fungicide seed treatments known to
control M. nivale seedling b li^ t of wheat proved to be robust under a range of
conditions. The percentage of seeds in a seed lot naturally contaminated by Af. nivale
did not affect the efficacy of the seed treatments tested. However, treatment with
flutriafol did not prove to be robust under conditions o f decreasing temperature
(Chapter 8). In warm soil (12°C) flutriafel worked well and effectively controlled preemergence death of seedlings. However at 6°C control was not as good and seedling
emergence had decreased by over 20%. Environmental conditions at sowing must
therefore be taken into account when choosing a fungicide seed treatment for the
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control of M. nivale seedling blight of wheat.
Good control of pre-emergence seedling death was observed in the study
repented here horn fungicide seed treatments in the field. However, not all seedlings
that emerged were

fi*om M. nivale infection. Seed-home M. nivale appeared to

be transmitted to established \^ e a t seedlings and treatment with carboxin + TBZ was
the least efiective treatment at reducing seedling infection. The effect of seed
treatment on early seedling infection by M. nivale appeared to be carried through the
season with the most effective treatments having fewer infected plants at subsequent
assessments. However, this effect was not tested statistically. Stem-base infection by
F. culmorum was observed later in the season with infection increasing progressively
fiom OS 30-31 to OS 75. This observation is very similar to those of Parry (1990) in
the U.K. and Miedaner et al. (1995) in Germany.
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i) The use o f competitive PCR to determine the relationship between the
percentage of seeds in a seed lot naturally contaminated by M. nivale, the
inoculum load on individual seeds, the inoculum load within the seed lot
as a whole and subsequent disease severity.

ii) Further controlled environment studies to investigate the relationship between
seed-borne M. nivale and the speed of seedling emergence.

iii) Closely monitored field studies to establish tiie relationship between M. nivale
seed contamination, seedbed conditions, the rate of seedling emergence and
subsequent disease severity.

iv) The effect of fimgicide seed treatments on the relationship (iii) above.

v) An extensive survey of the occurrence of M. nivale var. majus and M. nivale
var. nivale in ^ e a t seed and further investigations into the impact of the two
sub-groups on the epidemiology and control of seedling disease.
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