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Abstract

Annual forage legumes across southern Australia continue to be devas-
tated by soilborne diseases. Nine fungicide seed treatments (thiram,
metalaxyl, iprodione, phosphonic acid, propamocarb, fluquinconazole,
difenoconazole + metalaxyl, ipconazole + metalaxyl, sedaxane + dife-
noconazole + metalaxyl) and four foliar fungicide treatments (phos-
phonic acid, metalaxyl, propamocarb, iprodione) were tested on four
subterranean clover cultivars against individual oomycete soilborne
pathogens Pythium irregulare, Aphanomyces trifolii, and Phytophthora
clandestina and the fungal pathogen Rhizoctonia solani. Best treatments
were then further tested across southern Australia in 2 years of field ex-
periments. Under controlled conditions, seed treatment with thiram was
best against damping-off caused by P. irregulare across the four culti-
vars (Woogenellup, Riverina, Seaton Park, Meteora), while metalaxyl
was the most effective for maximizing root and shoot weights. Against
A. trifolii, metalaxyl, iprodione, difenoconazole + metalaxyl, ipconazole
+ metalaxyl, and sedaxane + difenoconazole + metalaxyl, all reduced
damping-off; sedaxane + difenoconazole + metalaxyl, fluquinconazole,
and ipconazole + metalaxyl all reduced lateral root disease across two or
more cultivars; while iprodione, thiram, and sedaxane + difenoconazole
+ metalaxyl increased shoot dry weight. Against P. clandestina, metal-
axyl was the most effective in reducing tap and lateral root rot followed
by ipconazole + metalaxyl or phosphonic acid for tap and lateral rot,
respectively. Against R. solani, there were no effects of fungicides.
For P. irregulare and P. clandestina, there were strong seed fungicide

% cultivar interactions (P < 0.001). Under controlled conditions for foliar
fungicide spray treatments, phosphonic acid was best at preventing pro-
ductivity losses from A. trifolii, but was ineffective against P. clandes-
tina, P. irregulare, or R. solani. Overall, controlled environment studies
highlighted strong potential for utilizing seed treatments against individ-
ual pathogens to ensure seedling emergence and early survival, with
seed and foliar sprays enhancing productivity by reducing seedling
damping-off and root disease from individual pathogens. However, in
field experiments over 2 years across southern Australia against natu-
rally occurring soilborne pathogen complexes involving these same
pathogens, only rarely did fungicide seed treatments or foliar sprays
tested show any benefit. It is evident that currently available fungicide
seed and/or foliar spray treatment options do not offer effective field
mitigation of damping-off and root disease on annual forage legumes
that underpin livestock production across southern Australia. The main
reason for this failure relates to the unpredictable and ever-changing
soilborne pathogen complexes involved, highlighting a need to now re-
focus away from fungicide options, particularly toward developing and
deploying new host tolerances, but also in deploying appropriate cul-
tural control options.
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Subterranean clover (Trifolium subterraneum) is an important
component of agronomic systems worldwide, including regions with
Mediterranean-type climates in Africa, Asia, Australia, Europe,
North America, and South America (Nichols et al. 2014). It is partic-
ularly important in southern Australia where it has been sown across
29 million ha (Nichols et al. 2014), providing a valuable source of
nutritious livestock feed and of nitrogen for cereal crops.

The Mediterranean climate can be described as “a transitional-
regime temperate and dry tropical climate characterized by a concen-
tration of rainfall in winter, occurrence of a distinct summer drought
of variable length, high variability in precipitation from year to year,
mild to warm or hot summers, and cool to cold winters with an ab-
sence of continental thermic excursion, and intensive solar radiation
especially in summer” (Sivasithamparam 1993). Necrotrophic soil-
borne pathogens can dominate such regions for various reasons.
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First, pathogen and crop cycles are forced to coincide by the opening
seasonal rains after the long hot and dry summer-autumn period.
Also, growth and survival of these soilborne pathogens is favored,
while at the same time the plant host is predisposed to them, in these
impoverished and nutrient-deficient soils (Sivasithamparam 1993).
Hence, it is not surprising that necrotrophic fungal pathogens provide
particular challenges to the productivity of forages and broad-acre
crops in such regions. Such pathogens include the diverse range of
soilborne pathogens that attack subterranean clover, resulting in se-
vere damping-off and root disease in both seedlings (Barbetti et al.
1986a, b, 2006b, 2007; Wong 1986; Wong et al. 1984) and in mature
subterranean clover swards (O’Rourke et al. 2009), greatly reducing
forage productivity (Barbetti et al. 1986a; Gillespie 1983). The con-
sequent widespread decline and failure of subterranean clover and
also annual Medicago spp. forages to persist has led to devastating
reductions in livestock carrying capacity and whole farm profitability
across southern Australia (Barbetti et al. 1986b, 2006a; Nichols et al.
2014). This decline not only manifests as a decrease in the desirable
legume component, but also as an increase in weed infestation (Barbetti
and Jones 2011; Barbetti et al. 2006b). A survey undertaken across
southern Australia in 2014 showed that the vast majority of the >200
samples taken had very severe levels of tap and lateral root disease
on subterranean clover (with tap and lateral rot disease indices of 60
to 80% and 80 to 100%, respectively) (Foster et al. 2017).

Soilborne pathogens of subterranean and other forage legumes oc-
cur as a pathogen complex, the most important of which include Phy-
tophthora clandestina, various Pythium species and P. irregulare in
particular, Aphanomyces trifolii, Rhizoctonia solani, and to a lesser
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extent various Fusarium spp., particularly F. avenaceum (Barbetti
et al. 2006a, b, 2007; Ma et al. 2008; Nichols et al. 2014; Wong
et al. 1985a, b). While there have been many studies on forage le-
gumes, particularly clovers, in relation to P. clandestina and P. irreg-
ulare, there have been relatively very few in relation to R. solani or
A. trifolii (You et al. 2016).

Several different avenues have been deployed historically to try to
manage soilborne disease in forage legumes. These include a strong
focus on identifying and utilizing host resistance (Nichols et al.
2014). However, renovating forages, particularly ‘semipermanent’
forages, is not only expensive, but it is also challenging to establish
new cultivars into pre-existing plant competition within existing for-
age systems (Nichols et al. 2014). It is also difficult to deal with mul-
tiple resistance-breaking races such as for P. clandestina (You et al.
2005b), and arduous to locate multiple resistances effective against
two or more soilborne complex pathogens (Barbetti et al. 1986b; You
et al. 2005a). Hence, there is a need to find alternative and more flexible
root disease mitigation strategies for livestock producers, and to this aim
You and Barbetti (2019) recently showed the benefits from altering for-
age species composition and the intensity of grazing, and by adding
Rhizobium in situations affected by the soilborne pathogen complexes.

Another approach potentially offering flexibility for producers is
use of seed treatments, some of which have resulted in both large in-
creases in seedling survival, and decreases in the severity of decay of
tap and lateral root systems of forage legumes with corresponding in-
creases in forage productivity (Barbetti 1984a; Barbetti et al. 1987b;
Smiley et al. 1986). Historically, treatments containing metalaxyl
have been the most promising (Burnett et al. 1994; Hochman et al.
1990; Smiley et al. 1986), with thiram and propamocarb less effec-
tive (Barbetti et al. 1987b). In other studies, Barbetti (1984a) sug-
gested that metalaxyl in particular but also thiram have potential
for further development as possible commercial treatments for in-
creasing seedling survival in susceptible forage legume cultivars be-
ing resown into areas affected by damping-off and root disease.
However, there are contrasting reports (e.g., Barbetti 1983, 1984b,
1985) where seed treatments offered little or any benefit. This is par-
ticularly so where Barbetti (1985) used six rates of metalaxyl seed
treatment at two field sites in Western Australia but without benefit.
There has also been some limited historical evaluation of fungicide
sprays; for example, Greenhalgh and Clarke (1985) and Greenhalgh
et al. (1994) reported field applications of potassium phosphonate as
effective in fields where P. clandestina predominated.

Recent studies have comprehensively defined the variability in terms
of different pathogen components within the soilborne disease com-
plexes affecting annual forage legumes (e.g., Foster et al. 2017). Other
recent studies have also defined how the pathogens P. clandestina,
R. solani, P. irregulare, and A. trifolii are differentially affected by a
range of environmental and other factors including temperature, soil
moisture, nutrition, and cultivar (You and Barbetti 2017a, 2017b;
You et al. 2017b, 2018). Together, those studies highlighted a necessity
to re-evaluate fungicide control options as a potential way to provide
alternative, but flexible, options for producers to manage severe
damping-off and root disease in forage legumes. The period of most se-
vere damping-off and root disease coincides with the critical autumn-
winter animal feed-gap across southern Australia (Foster et al. 2017).
To this aim, we first tested a wide range of seed treatment and foliar
spray options against the most important individual soilborne pathogens
under controlled environmental conditions. Then, based on those find-
ings, we field-evaluated the most promising of these options on pro-
ducer properties across southern Australia over two growing seasons.

Materials and Methods

Controlled environment - seed treatment application. There
were five separate controlled environment studies undertaken
testing fungicide seed treatments. Fungicide seed treatments in-
cluded the commercial formulations Dividend M (a.i. 92 g/liter
difenoconazole + 23 g/liter metalaxyl-M), Jockey (a.i. fluquinco-
nazole 167 g/liter), Metalaxyl (a.i. 350 g/liter metalaxyl), Phos-Inject
200 (a.i. 200 g phosphonic acid/liter), Previcur (a.i. propamocarb
600 g a.i/liter), Rancona Dimension (a.i. 25g/liter ipconazole + 20

g/liter metalaxyl), Rovral (a.i. iprodione 250 g a.i/liter), Syn-
A16874F (a.i. sedaxane + difenoconazole + metalaxyl but exact
a.i. values commercial-in-confidence), and Thiram 800 (a.i. thiram
800 g/kg) (see Table 1 for additional details for manufacturer and
rates of application to seed). Seeds were coated by placing into a
glass beaker and thoroughly mixing to coat seeds evenly. All appli-
cation rates chosen were the application rates recommended by the
manufacturer, and details are shown in Table 1. One gram of seeds
required 300 pl of solution to wet/coat thoroughly, such that each
fungicide was constituted to a total volume of 300 wl (using distilled
water as needed for dilution).

Controlled environment - foliar fungicide application. There
were two separate controlled environment studies undertaken testing
fungicide seed treatments. Fungicide foliar spray applications in-
cluded the commercial formulations Metalaxyl (a.i. 350 g/liter metal-
axyl), Phos-Inject 200 (a.i. 200 g phosphonic acid/liter), Previcur
(a.i. propamocarb 600 g a.i/liter), and Rovral (a.i. iprodione 250 g
a.i./liter). Foliar spray treatments were applied to the pots of plants
approximately two and a half weeks after sowing using a knapsack
sprayer with a single hollow cone nozzle with a water volume of
200 liter ha™'.

Controlled environment - subterranean clover cultivars. Four
cultivars of subterranean clover were used in these tests, viz. Wooge-
nellup, Riverina, Seaton Park, and Meteora, as each of these has differ-
ent levels of resistance to each of the four test pathogens. For example,
Seaton Park is known to have greatest resistance to the majority of
known races of P. clandestina, compared with the other cultivars. Woo-
genellup is susceptible to nearly all races of P. clandestina (You et al.
2005b) and is utilized as a universal susceptible control comparison
for all soilborne root disease studies on subterranean clover (Barbetti
et al. 2006b, 2007). Subterranean clover seeds were surface sterilized
in 70% ethanol for 30 s to remove any seed-pathogen contamination;
then scarified lightly with sandpaper to break dormancy and increase
germination.

Controlled environment - general experimental conditions. All
experiments were conducted in a controlled environment room with
temperatures maintained at 18/13°C (day/night) with a 12-h photope-
riod and light intensity of 480 wM m~2 s~!. These temperatures were
selected to mimic a temperature commonly seen in the field in West-
ern Australia during the May—August period of the growing season
when root disease is most prevalent in subterranean clover forages
(Barbetti 1991b). Pots were watered to free-draining with deionized
water daily (i.e., to 100% water holding capacity). A sand-based mix
representing light soil type was used and consisted of 2.5 m® fine
composted pine bark, 1 m* coco peat, 5 m> washed river sand,
10 kg slow release fertilizer Osmoform NXT 22 N + 2.2 P,O5 +
9.1 KO + 1.2 Mg + trace elements (Everris International B.V.),
10 kg Dolomite (CalMag), 5 kg gypsum clay breaker, 5 kg extra fine
limestone, 4 kg iron hepta sulfate, and 1 kg iron chelate.

Controlled environment - pathogen isolates. For P. irregulare,
isolate WAC4953 (Department of Primary Industries and Regional
Development Western Australia, Culture Collection) was used be-
cause this isolate had been used extensively in research on seedling
damping-off and root rot on subterranean clover forages in Western
Australia and it is representative of the prevailing P. irregulare pop-
ulations on crop and forage legumes in Western Australia (Li et al.
2014). This isolate had been stored as lyophilized cultures for some
years and was revived onto fresh corn meal agar.

For R. solani, a single isolate of anastomosis group AGS8 (ZG6;
isolate WAC9086, Department of Primary Industries and Regional
Development Western Australia, Culture Collection) was chosen
for the current study, as You et al. (2008) had shown that this AGS8
(ZG6) group caused the greatest death of legume seedlings across
different genera (Hedysarum, Medicago, Ornithopus, and Trifolium)
in a study that included eight different forage legume species
(H. coronarium, M. polymorpha, O. compressus, O. sativus, T.
dasyurum, T. michelianum, T. purpureum, and T. subterraneum), in
comparison with ZG1-5 and ZG11, ZG1-4, and especially, ZG4.
This isolate had been maintained as a lyophilized culture for approxi-
mately 10 years and was revived onto fresh potato dextrose agar.
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Table 1. Fungicide manufacturer, commercial product name, and active in-
gredient for: fungicide seed and foliar spray application a.i. rates as used in
controlled environment experiments; fungicides and their application a.i. rates
as seed and foliar treatments as used in field 2015 field experiments; fungi-
cides and their application a.i. rates as used in field 2016 field experiments

Controlled environment

Fungicide name (seed treatments) Application rate

(a.i. per 100 kg seed)
Dividend M (Syngenta: active ingredients 65 ml

92 g/liter difenoconazole + 23 g/liter

metalaxyl-M)

Jockey (Bayer: active ingredient 45 ml
fluquinconazole 167 g/liter)

Metalaxyl (4Farmers Australia Pty Ltd: active 500 ml
ingredient 350 g/liter metalaxyl)

Phos-Inject 200 (David Grays: active 1,000 ml

ingredient 200 g phosphonic acid/liter)
Previcur (Bayer: active ingredient 720 g
propamocarb 600 g a.i./liter)
Rancona Dimension (Chemtura: active
ingredients 25 g/liter ipconazole + 20 g/
liter
metalaxyl)
Rovral (FMC Australia: active ingredient 80 ml
iprodione 250 g a.i./liter)
Syn-A16874F (Syngenta: active ingredients
sedaxane + difenoconazole + metalaxyl)
Thiram 800 (Grochem Australia: active 100 g
ingredient: thiram 800 g/kg)
Fungicide name (foliar spray)

160 ml

90 ml

Application rate

(a.i. per ha)
Metalaxyl (4Farmers Australia Pty Ltd: active 0.5 liter
ingredient 350 g/liter metalaxyl)
Phos-Inject 200 (David Grays: active 0.3 liter
ingredient 200 g phosphonic acid/liter)
Previcur (Bayer: active ingredient 1.5 liter

propamocarb 600 g a.i./liter)
Rovral (FMC Australia: active ingredient 1 kg
iprodione 250 g a.i./liter)

Field 2015

Fungicide name (seed treatments)?® Application rate
(a.i. per 100 kg seed)
Metalaxyl (4Farmers Australia Pty Ltd: active 500 ml
ingredient 350 g/liter metalaxyl)
Phos-Inject 200 (David Grays: active
ingredient 200 g phosphonic acid/liter)
Rancona Dimension (Chemtura: active
ingredients 25 g/liter ipconazole + 20 g/
liter
metalaxyl)
Thiram 800 (Grochem Australia: active 100 g
ingredient: thiram 800 g/kg)

Fungicide name (foliar spray)

1,000 g

160 ml

Application rate
(a.i. per ha)

Metalaxyl (4Farmers Australia Pty Ltd: active 0.5 liter
ingredient 350 g/liter metalaxyl)
Phos-Inject 200 (David Grays: active 0.3 liter

ingredient 200 g phosphonic acid/liter)

Field 2016

Fungicide name (seed treatments) Application rate

(a.i. per 100 kg seed)
Individual rates

as in Field 2015 above

30 liters

Mixed (Metalaxyl + Phos-Inject 200 + Thiram
+ Rancona Dimension)

Salicylic acid (active ingredient 5 mM, ~690
mg/liter C;HgO3)

Fungicide name (foliar spray) Application rate

(a.i. per ha)
Metalaxyl (4Farmers Australia Pty Ltd: 0.5 liter
active ingredient 350 g/liter metalaxyl)
Phos-Inject 200 (David Grays: active 0.3 liter

ingredient 200 g phosphonic acid/liter)

2 Tested both at the full and half rate recommended by the manufacturer.
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For P. clandestina, a fresh isolate was used. The isolate was
obtained from infested subterranean clover soils sampled from a re-
gion on the south coast of Western Australia where Phytophthora
root disease and damping-off is prevalent. This was achieved using
subterranean clover cv. Woogenellup as the ‘bait species’. In brief,
Woogenellup plants were grown in infested soil samples in a con-
trolled environment room at 18/13°C (day/night), with a 12/12 h pho-
toperiod; then pots were flooded for 1 h at 1 and 3 weeks and
harvested 4 weeks after sowing. Harvested plant roots were thor-
oughly washed under running tap water to remove soil. Whole root
systems were floated in petri dishes containing sterile distilled water
and maintained in the dark in an incubator at 20°C. Using a light mi-
croscope, individual P. clandestina zoosporangia were collected (at
24-48 h), using fine-tip tweezers, and placed directly onto petri
dishes containing the antibiotic medium PARPH (Kellam and Coffey
1985) that is selective for Phytophthora spp. Colonies were counted
after 2 and 3 days. P. clandestina cultures were then subcultured onto
fresh lima bean agar (LBA) and grown for 1 week in preparation for
inoculum production. One isolate of P. clandestina identified as
“race 173” was selected for these studies by testing isolates across
the seven standard subterranean clover host differentials (You et al.
2005b). Historically, this particular race was the prevailing race on
subterranean clover in the southwest of Western Australia (You
et al. 2005b) and more recently has been confirmed to be one of
the most prevalent races across southern Australia (M. P. You and
M. J. Barbetti, unpublished).

For A. trifolii, approximately 1 kg of topsoil was collected from
known field sites infested with this pathogen in the high rainfall areas
of southwest Western Australia. Soil was air-dried in a glasshouse at
25-30°C for 7 days and stored. When required, A. trifolii isolates
were subsequently ‘baited out’ from the stored soil samples, using
subterranean clover Woogenellup as the bait species. Plants were
grown in soil samples in a controlled environment room where air
temperature was maintained at 18/13°C (day/night), with a 12/12 h
photoperiod and a light intensity of 480 uM m™= s~!. Plants were
flooded for 1 h at 1 and 3 weeks and harvested 4 weeks after sowing.
Harvested plant roots were thoroughly washed under running tap wa-
ter to remove soil. Whole root systems were floated in petri dishes
containing sterile distilled water and maintained in the dark in an in-
cubator at 20°C. With the aid of a light microscope, individual A.
trifolii zoosporangia were collected (at 24—48 h), using fine-tip twee-
zers, and placed directly onto petri dishes containing a modified
MBYV media (Pfender et al. 1984). A. trifolii cultures were then sub-
cultured onto fresh cornmeal agar and grown for 1 week in prepara-
tion for inoculum production.

Controlled environment - production of pathogen inoculum
and pathogen inoculation. Inoculum was prepared using a modified
procedure from Barbetti (1989). In brief, 250 ml Erlenmeyer flasks
containing moistened sterile millet seeds (Panicum miliaceum) were
inoculated separately with 2 mm squares taken from the leading edge
of colonies growing on agar, and approximately 10 plugs were used
to inoculate each flask. Millet seeds had been prepared by soaking
100 g of millet seeds in 100 ml deionized water overnight in each
flask and then water drained and autoclaved at 120°C for 20 min
three times on each of three consecutive days. Flasks with inoculated
millet seeds were hand shaken vigorously to homogenize inoculum
with millet seeds every second day to ensure equal colonization. In-
oculated millet seeds were incubated at 22°C for two (A. trifolii, P.
irregulare, and R. solani) or three weeks (P. clandestina). Colonized
millet seeds then were used for inoculating soils.

For P. clandestina, P. irregulare, and A. trifolii, soil was mixed
thoroughly with pathogen-colonized millet seeds at a rate of 0.5%
(wt/wt) and used to fill pots. The control treatment for comparison
were pots containing uninfested soil, but without any uncolonized
millet seeds added, as uncolonized millet can readily ‘bait-out’ other
nontarget soilborne pathogens present (Barbetti and Sivasithamparam
1987). Each variety of subterranean clover was sown at 5 seeds per
pot at a depth of 10 mm. Pots were 9 cm x 9 cm square x 10 cm deep.
For R. solani, each pot was inoculated with four colonized millet seeds
evenly spaced on the surface of the soil then covered with a further



1-cm layer of pasteurized potting mix. The inoculated pots were left in
the growth room for 2 weeks before sowing to allow the pathogen to
establish in the soil, a technique successfully utilized for inoculation
of a range of Trifolium and other forage legumes (You et al. 2008).
Pots are watered daily with deionized water to field capacity except
for R. solani where pots were watered less often on every second day.

Controlled environment - disease, nodulation, and plant
weight assessments. Germinated plants in each pot were counted
to calculate emergence percentage at 2 weeks after sowing. Then,
plants were harvested at 6 weeks after sowing, washed in running
tap water to remove soil from roots, and scored for their level of
root disease. Plants were then floated in shallow trays of deionized
water and both tap and lateral roots rated individually for their dis-
ease severity using a 0 to 5 scale: score 0 = root healthy, no discol-
oration; 1 = <25% of root brown, no significant lesions; 2 = 25 to
<50% of root brown, lesions toward base of tap root; 3 = 50 to
<75% root brown, lesions mid tap root; 4 = =75% root affected,
significant lesions toward crown; 5 = plant dead and/or root system
completely rotted off. The number of plants in each disease severity
category was recorded. Then, all disease rating scores were trans-
ferred to a tap or lateral “Percent Disease Index (PDI)” based on
McKinney (1923) where tap or lateral root PDI% = (sum of all nu-
merical grades) x 100 + (total number of plants scored x maximum
rating score).

Nodulation was assessed using a modified rating scheme from
Corbin et al. (1977). The scoring system contained 6 nodulation

L)

categories based on nodule numbers and positioning: 0 = no nodules
on the crown or elsewhere; 1 = no nodules on the crown with a few
(1-10) elsewhere; 2 = a few crown nodules but no nodules elsewhere;
3 = many crown nodules (>10) but no nodules elsewhere; 4 = many
crown nodules with a few nodules elsewhere; 5 = many crown nod-
ules with many nodules elsewhere. The average “Percent Nodulation
Index (NI%)” was then calculated as described above using the
method described by McKinney (1923).

Shoots and roots from each pot were separated and dried at 60°C in
an oven in separate paper bags for 3 days, then dry shoot and root
weights were recorded and calculated as mg plant™'.

Controlled environment - confirmation of pathogen presence.
In all experiments, Koch’s postulates were successfully completed to
confirm that the disease symptoms observed were in fact caused by
the respective pathogen. Root segments (8—10), 2 cm in length, were
dissected from diseased plants and floated in petri dishes containing
sterile deionized water for 2-3 days at 20°C. Roots were examined
microscopically every 12 h using a light microscope and the presence
of each pathogen confirmed using characteristic hyphal, or oospore
and zoosporangia for each pathogen.

Controlled environment - experimental design and analysis.
For each pathogen, there were 10 treatments (9 fungicide treatments
plus a nil treatment control comparison) x 2 pathogen treatments
(pathogen and a nil control comparison) x 4 clover cultivars x 4 rep-
lications; totaling 640 pots arranged in a complete randomized de-
sign. The whole experiment was fully repeated once under the

AUSTRALIA

Fig. 1. Map of Australia showing the eight field sites (two each in Western Australia, South Australia, Victoria, and New South Wales) for fungicide seed and foliar spray testing in

2015 and 2016 growing seasons.
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same conditions. Analysis of variance (ANOVA) was conducted us-
ing GenStat (18th edition, Lawes Agricultural Trust). Normality of
data and homogeneity of variances from each experiment were tested
before conducting analyses. Data from the original and the repeat ex-
periments were not significantly different (P > 0.05) using a ¢ test.
Therefore, data from the original and repeat experiments were com-
bined and reanalyzed together in relation to disease index of tap
roots, disease index of lateral roots, root dry weight (RDW), and
shoot dry weight (SDW) of seedlings. Therefore, the effect of differ-
ent seed or spray fungicide treatments on the four different cultivars
in the presence of each pathogen on emergence, tap root disease, lat-
eral root disease, RDW, and SDW of seedlings were determined by
analyses of variance, and subsequent multiple comparisons between
treatments made using Fisher’s protected least significant differences
(LSD) at P = 0.05.

Field studies 2015 and 2016 - site details. In each of 2015 and
2016, field experiments were conducted at eight locations across
southern Australia (two experiments each in South Australia, Vic-
toria, New South Wales, and Western Australia (Fig. 1) to evaluate
the effects of various fungicide seed (4 and 2 different fungicides in
2015 and 2016, respectively) and two foliar sprays on the soilborne
pathogens residing in these field locations. At each site in 2015, ap-
proximately 50 naturally occurring subterranean clover plants were
sampled between 4 and 7 weeks after the opening seasonal rains.
These plants were washed under running water and assessed for
levels of tap and lateral root disease and nodulation using assess-
ment scales described above. In addition, the percentage of tap
and lateral roots showing presence of Pythium, Phytophthora, Rhizoc-
tonia, Fusarium, or Aphanomyces at 12-72 h was calculated from
floating roots in sterile distilled water, and the presence of each patho-
gen was confirmed using characteristic hyphal, conidia, or oospore and
zoosporangia for each pathogen (Table 2). This was done to establish
the nature of the soilborne pathogen complex present at each of these
eight field sites at the commencement of these studies.

Field studies 2015 and 2016 - fungicide seed and foliar
treatments. Seed treatments: In 2015, commercial formulations
Metalaxyl (a.i. 350 g/liter metalaxyl), Phos-Inject 200 (a.i. 200 g
phosphonic acid/liter), Rancona Dimension (a.i. 25 g/liter

ipconazole + 20 g/liter metalaxyl), and Thiram 800 (a.i. thiram 800
g/kg) were tested both at the full and half rate recommended by the
manufacturer. (see details in Table 1); and in 2016, a mixed fungicide
seed treatment (commercial formulations Metalaxyl + Phos-Inject
200 + Thiram + Rancona Dimension at same a.i. as above) and a sal-
icylic acid (a.i. 5 mM, ~690 mg/liter C;H¢O3) treatment were tested
(see details in Table 1). Full details of manufacturer, and rates of ap-
plication to seed are shown in Table 1. We did not repeat the 2015
fungicide seed treatments in the 2016 growing season, as the efficacy
of the 2015 treatments was so poor. For this reason, for 2016, the four
different fungicide seed treatments from 2015 were combined into a
single comprehensive seed treatment and tested, along with a single
new treatment, salicylic acid. Foliar spray treatments: In both 2015
and 2016 (Table 1), the commercial formulations Metalaxyl (a.i. 350
g/liter metalaxyl) and Phos-Inject 200 (a.i. 200 g phosphonic acid/
liter) were tested. Full details of manufacturer and rates of foliar ap-
plication are shown in Table 1. Cultivar: The universally susceptible
cv. Woogenellup was used for all field experiments in both years.
Field plots: For all seed and spray treatments, plots were 1 m rows
at 30 cm spacing, and there were 10 row-replications per each treat-
ment. A nil comparison control treatment was also included in all
studies. Seed was sown by hand at approximately 1-2 cm depth by
making a small groove in the soil, planting, and covering seed with
minimal soil disturbance. Foliar spray treatments were applied to
the single rows of plants approximately 6 weeks after sowing using
a knapsack sprayer with a single hollow cone nozzle, with a water
volume of 200 liters ha™'.

Field studies 2015 and 2016 - disease and plant weight
assessments. Germinated plants in each row plot were counted
at approximately 6—7 weeks after sowing to calculate emergence
percentage. At that time, approximately one-third of plants were
harvested per row for seed treatment rows, washed in running tap
water to remove soil from roots, and scored for their level of root
disease. Subsequently, at approximately 16—18 weeks after sowing,
remaining plants in seed treatment rows and all plants in foliar spray
treatment rows were harvested and similarly treated. Plants were
then floated in shallow trays of deionized water and both tap and
lateral roots rated individually for their disease severity using the

Table 2. Tap (TDI%) and lateral (LDI%) percent root disease index, percent nodulation index (NI%), and the percentage of roots on field plants sampled in 2015
showing presence of Pythium, Phytophthora, Rhizoctonia, Fusarium, or Aphanomyces at each of the eight field sites used for field studies in 2015 and 2016

(see Figure 1 for locations)

Site no. TDI% LDI% NI% Pythium % Phytophthora % Rhizoctonia % Fusarium % Aphanomyces %
WA 1 22 38 20 8 0 35 5 0
WA 2 20 80 0 8 40 0 0 0
SA 1 80 80 30 10 0 20 5 0
SA2 63 72 16 8 0 20 5 0
Vic. 1 70 78 24 17 0 20 6 10
Vic. 2 70 67 20 25 0 15 5 0
NSW 1 73 57 30 8 0 20 5 0
NSwW 2 30 47 37 8 10 20 5 0

Table 3. Controlled Experiment 1: Seed treatments against Pythium irregulare. Statistical main effects and interactions (P and LSD values).

Root dry weight Shoot dry weight

Emergence % Root disease index (mg) (mg) Nodulation index

P LSD = P LSD = P LSD = P LSD = P LSD =
Main effects value 0.05 value 0.05 value 0.05 value 0.05 value 0.05
Fungicide seed treatment <0.001 6.669 <0.001 3.663 <0.001 2.573 NS - NS -
Inoculation <0.001 2983  <0.001 1.638  <0.001 1.151 <0.001 1.741 NS -
Cultivars <0.001 4218 NS - <0.001 1.627 <0.001 2.462 0.043 1.866
Fungicide seed treatment x inoculation <0.001 9.432 <0.001 5.18 <0.001 3.639 <0.001 5.506 <0.001 4.173
Fungicide seed treatment x cultivars <0.001 13.339 0.009 7.326  <0.001 5.146 <0.001 7.786 NS -
Inoculation x cultivars <0.001 5.965 NS - <0.001 2.302 NS - 0.006 2.639
Fungicide seed treatment x inoculation x NS - 0.005 10.36 0.012 7.278 0.027 11.011 NS -

cultivars
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same 0 to 5 described above, with disease rating scores trans-

ferred to a tap or lateral PDI based on McKinney (1923). Shoots
and roots from each pot were separated and oven-dried at 60°C
as described earlier and dry shoot and root weights calculated as

mg plant™".

Field studies 2015 and 2016 - experimental design and
analysis. Treatment rows were arranged in a randomized block design
with 10 replications and repeated at 8 sites across southern Australia
in both 2015 and 2016 seasons. Analysis of variance (ANOVA) was

conducted using GenStat (18th edition, Lawes Agricultural Trust).

Table 4. Controlled Experiment 1: Seed treatments against Pythium irregulare. Effect of fungicide seed treatments on emergence (%), root rot disease index, root
dry weight (mg), shoot dry weight (mg), and nodulation index. Means are shown in italics.

Meteora Riverina Seaton Park Woogenellup
Cultivars P. P. P. P.

Inoculum Nil  irregulare Nil irregulare  Nil irregulare  Nil irregulare Mean

Emergence (%) Dividend 75.00 45.00 80.00 72.50 90.00 85.00  72.50 85.00 75.63
Fluquinconazole 65.00 22.50 80.00 75.00 90.00 100.00  75.00 87.50 74.38

Metalaxyl 65.00 37.50 72.50 82.50 75.00 85.00  67.50 72.50 69.69

Nil 80.00 52.50 75.00 47.50 87.50 82.50  80.00 70.00 71.88

Phosphonic acid 57.50 42.50 60.00 30.00 45.00 10.00  60.00 35.00 42.50

Propamocarb 75.00 72.50 82.50 72.50 87.50 9250  77.50 67.50 78.44

Ipconazole + metalaxyl 72.50 60.00 85.00 95.00 95.00 90.00  92.50 90.00 85.00

Iprodione 80.00 90.00 90.00 67.50 95.00 95.00  80.00 87.50 85.63

Sedaxane + difenoconazole + metalaxyl 80.00 72.50 77.50 82.50 95.00 97.50 80.00 95.00 85.00

Thiram 80.00 82.50 92.50 90.00 95.00 97.50  80.00 87.50 88.13

Mean 73.00 57.75 79.50 71.50 85.50 83.50  76.50 77.75 75.63
Root disease index  Dividend 0.00 58.33 0.00 56.10 0.00 51.53 0.00 52.92 27.36
Fluquinconazole (Jockey) 5.83 50.48 0.00 61.67 0.00 46.67 0.00 50.00 26.83

Metalaxyl 0.00 26.39 0.00 21.46 0.00 35.42 0.00 33.33 14.58

Nil 0.00 68.75 0.00 67.70 0.00 56.67 0.00 55.56 31.09

Phosphonic acid 0.00 54.17 0.00 45.11 0.00 61.31 0.00 49.72 26.29

Propamocarb 0.00 52.15 0.00 73.82 0.00 61.94 0.00 62.15 31.26

Ipconazole + metalaxyl 0.00 60.42 0.00 56.39 0.00 67.72 0.00 61.87 30.80

Iprodione 0.00 52.50 0.00 47.01 0.00 61.46 0.00 53.75 26.84

Sedaxane + difenoconazole + metalaxyl  0.00 66.04 0.00 62.29 0.00 55.62 0.00 41.67 28.20

Thiram 0.00 66.88 0.00 62.29 0.00 52.05 0.00 54.24 29.43

Mean 0.58 55.61 0.00 55.38 0.00 55.04 0.00 51.52 27.27
Root dry weight Dividend 28.14 27.54 31.14 17.28 22.79 1795  27.78 19.68 24.04

(mg)

Fluquinconazole 35.69 24.36 21.9 14.12 13.22 16.27  30.17 31.36 23.39

Metalaxyl 27.72 36.85 27.04 22.14 11.77 16.05  30.19 26.94 24.84

Nil 28.17 21.35 26.5 15.18 19.28 1334 33.04 24.29 22.64

Phosphonic acid 28.41 23.47 32.27 17.49 28.19 29.96 2591 27.22 26.62

Propamocarb 28.94 17.3 27.76 19.3 22.63 13.76  31.94 30.99 24.08

Ipconazole + metalaxyl 24.37 23.94 33.35 12.85 23.65 13.79 2051 16.8 21.16

Iprodione 25.97 18.75 26.52 16.34 22.33 1323 29.84 27.39 22.55

Sedaxane + difenoconazole + metalaxyl 26.42 10.7 30.99 15.03 25.2 12.27 27.92 22.93 21.43

Thiram 30.9 14.62 24.02 13.06 24.35 11.07  31.08 23.33 21.55

Mean 28.47 21.89 28.15 16.28 21.34 15.77  28.84 25.09 23.23
Shoot dry weight Dividend 42.71 53.28 45.86 28.28 31.86 28.18  40.22 31.74 37.77

(mg)

Fluquinconazole 49.19 44.44 30.84 26.00 21.77 2230  48.79 45.78 36.14

Metalaxyl 47.16 51.68 45.68 38.05 20.70 2327 4420 45.71 39.56

Nil 53.57 35.57 36.94 25.32 29.53 17.58  52.05 35.28 35.73

Phosphonic acid 43.47 35.44 43.67 24.11 33.05 4580  46.63 33.45 38.20

Propamocarb 48.27 30.99 41.15 30.74 35.98 17.51 47.99 43.74 37.05

Ipconazole + metalaxyl 42.44 33.57 41.02 28.18 34.88 21.96  38.09 29.52 33.71

Iprodione 4543 32.80 42.46 27.67 32.00 18.67  46.13 40.06 35.65

Sedaxane + difenoconazole + metalaxyl 42.66 24.19 46.79 30.00 33.41 16.76 42.18 35.68 33.96

Thiram 48.49 27.63 39.81 24.85 35.10 16.87  41.02 36.98 33.84

Mean 46.34 36.96 41.42 28.32 30.83 22.89  44.73 37.79 36.16
Nodulation index Dividend 10.38 4.75 3.12 9.78 12.83 8.50 7.67 6.75 7.97
Fluquinconazole 5.00 6.36 7.75 592 5.12 10.50 0.50 6.13 591

Metalaxyl 3.75 10.00 3.75 9.08 4.67 6.00 9.58 14.58 7.68

Nil 11.29 2.08 291 6.90 5.38 7.38 8.13 9.75 6.73

Phosphonic acid 16.25 0.00 5.95 0.03 12.92 0.00 0.00 3.35 4.81

Propamocarb 5.00 4.75 7.71 8.00 13.63 4.12 2.50 7.29 6.63

Ipconazole + metalaxyl 10.25 1.67 11.25 6.50 13.13 8.30 2.25 8.88 7.78

Iprodione 7.92 3.87 1.96 3.50 8.50 10.50 1.75 6.87 5.61

Sedaxane + difenoconazole + metalaxyl 2.62 5.63 3.75 14.79 2.00 6.38 0.00 0.00 4.40

Thiram 1.87 6.62 2.50 421 2.50 11.13 0.50 275 4.01

Mean 7.43 4.57 5.07 6.87 8.07 7.28 3.29 6.64 6.15
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Normality of data and homogeneity of variances from each experi-
ment were tested before conducting analyses. Comparisons between
treatments were made using Fisher’s protected least significant dif-
ferences (LSD) at P = 0.05.

Results

Controlled environment Experiment 1: seed fungicides against
P. irregulare. Emergence rate. There were significant differences in
percent emergence in relation to fungicide seed treatments, pathogen
inoculation, and cultivars (P < 0.001, LSDq g5 = 6.67; P < 0.001,
LSDg 05 =2.98; and P < 0.001, LSDg o5 = 4.22, respectively). There
were significant interactions between fungicide seed treatment with
pathogen inoculation, between fungicide seed treatment with culti-
vars, and between inoculation with cultivars (P < 0.001, LSDg o5 =
9.43; P <0.001, LSDg g5 = 13.34; and P < 0.001, LSDg 5 = 5.96, re-
spectively) (Table 3). Thiram showed the best protection from pre-
emergence damping-off for all four cultivars tested in comparison
with other tested fungicides and the ‘nil disease’ control. Iprodione
gave high protection for Meteora, Seaton Park, and Woogenellup
but not Riverina. Sedaxane + difenoconazole + metalaxyl and ipco-
nazole + metalaxyl gave good protection for Riverina, Seaton Park,
and Woogenellup but not for Meteora. Phosphonic acid gave the
lowest protection for all the cultivars tested against P. irregulare
pre-emergence damping-off, followed by metalaxyl which gave sec-
ond lowest protection (Table 4).

Root disease severity. There were significant differences in terms
of root disease index in relation to fungicide seed treatments and also
to pathogen inoculation (P < 0.001, LSDg o5 = 3.66; P < 0.001,
LSDgos = 1.64, respectively). There was significant interaction
between fungicide seed treatments with pathogen inoculation
and between fungicide seed treatments with cultivars (P < 0.001,
LSDg s = 5.18; P = 0.009, LSDy 5 = 7.33, respectively). There
was a three-way interaction between fungicide seed treatment,
inoculation, and cultivars (P = 0.005, LSD o5 = 10.36) (Table 3).
Metalaxyl was the best seed treatment among nine tested fungicides
against P. irregulare root rot disease across all four cultivars tested.
Phosphonic acid, fluquinconazole, and iprodione were the second
best, while propamocarb had the least effect on reducing levels of
root rot disease (Table 4).

Root dry weight and shoot dry weight. In relation to root dry
weight, there were significant differences between fungicide seed
treatments, pathogen inoculation, and cultivars (P < 0.001, LSDg o5 =
2.57; P<0.001, LSDg g5 = 1.15; and P <0.001, LSDg o5 = 1.63, respec-
tively). There were significant interactions between fungicide seed
treatment with inoculation, between fungicide seed treatment with cul-
tivars, and between inoculation with cultivars (P < 0.001, LSDg o5 =
3.64; P<0.001, LSDg 05 =5.15; and P < 0.001, LSD o5 = 2.30, respec-
tively). There was a three-way interaction between fungicide seed treat-
ment, inoculation, and cultivars (P = 0.012, LSDy o5 = 7.28) (Table 3).
In relation to shoot dry weight, there were significant effects from path-
ogen inoculation and for cultivars (P < 0.001, LSDg o5 = 1.74; and P
<0.001, LSDgps = 2.46, respectively). There were also significant
interactions between fungicide seed treatment with inoculation, and be-
tween fungicide seed treatment with cultivars (P < 0.001, LSDg o5 =
5.51; and P < 0.001, LSDg o5 = 7.79, respectively). There was also a
three-way interaction between fungicide seed treatment, inoculation,

and cultivars (P = 0.03, LSDg o5 = 11.01) (Table 3). Phosphonic acid
and metalaxyl were the best for maximizing root and shoot dry weights,
while ipconazole + metalaxyl, sedaxane + difenoconazole + metalaxyl,
and thiram were the least effective in terms of root and shoot dry
weights (Table 4).

Controlled environment Experiment 2: foliar sprays against
P. irregulare. Fungicide foliar treatments had no significant effect
on levels of tap or lateral root rot, nor on root or shoot dry weight,
nor on level of nodulation (data not shown).

Controlled environment Experiment 3: seed fungicides against
A. trifolii. Emergence. For emergence, there were significant differ-
ences between fungicide seed treatments and between cultivars (P =
0.02, LSDg 05 = 5.99; and P < 0.001, LSDy o5 = 3.79, respectively).
There were significant interactions between fungicide seed treatment
with inoculation; between fungicide seed treatment with cultivars;
and between inoculation with cultivars (P = 0.01, LSD o5 = 8.47;
P < 0.001, LSDO,OS =11.98; and P < 0.001, LSD0.0S = 5.36, re-
spectively) (Table 5). Iprodione, difenoconazole + metalaxyl, and
fluquinconazole showed best protection from pre-emergence
damping-oft in Meteora in comparison with other tested fungicides.
Ipconazole + metalaxyl, difenoconazole + metalaxyl, and sedaxane +
difenoconazole + metalaxyl gave high protection for Riverina, while
sedaxane + difenoconazole + metalaxyl and difenoconazole + metal-
axyl showed best protection for Seaton Park. Thiram and difenocona-
zole + metalaxyl showed good protection for Woogenellup (Table 6).

Percent disease indices. Fungicide seed treatments had no effect
on severity of tap root disease but had significant effect on lateral root
disease (P = 0.041, LSDy o5 = 7.88). Inoculation, cultivar, and their
interaction were significant in terms of both tap root disease (P <
0.001, LSDg 5 = 3.42; P < 0.001, LSDg o5 = 4.84; and P = 0.011,
LSDy s = 6.85, respectively) and also lateral root disease (P <
0.001, LSDg 5 = 3.52; P < 0.001, LSDq o5 = 4.98; and P = 0.018,
LSDg 5 = 7.05, respectively) (Table 5). Overall, metalaxyl was the
best seed treatment against A. trifolii lateral root rot disease across
all four cultivars tested. Cultivars Meteora and Riverina showed least
lateral root disease with fluquinconazole, while Seaton Park and
Woogenellup showed least lateral root disease with thiram or ipcona-
zole + metalaxyl (Table 6).

Root dry weight and shoot dry weight. There were no significant
effects on root dry weight from fungicide seed treatment, pathogen
inoculation, or cultivars, but there were significant effects on shoot
dry weight from fungicide seed treatment, from different cultivars,
and there was significant interaction of fungicide seed treatment with
cultivars (P =0.038, LSDg s = 3.89; P < 0.001, LSDg o5 = 2.46; and
P =0.001, LSDg s = 7.77, respectively) (Table 5). Overall, thiram
and iprodione were best at maximizing shoot dry weights, while dife-
noconazole + metalaxyl and ipconazole + metalaxyl were the least
effective in terms of shoot dry weight (Table 6).

Controlled environment Experiment 4: foliar fungicides
against A. frifolii. Fungicide foliar treatments had no significant ef-
fect on percent germination but did significantly affect both tap and
lateral root disease level and also root and shoot dry weights
(Table 7). Different cultivars showed significant differences in terms
of germination, tap and lateral root disease levels, and also in terms of
root and shoot dry weights (Table 8). Overall, phosphonic acid was
best for protecting against both tap and lateral root disease caused by

Table 5. Controlled Experiment 3: Seed treatments against Aphanomyces trifolii. Statistical main effects and interactions (P and LSD values)

Lateral root disease

Emergence % Tap root disease index index Shoot dry weight (mg)
Main effects P value LSD = 0.05 P value LSD = 0.05 P value LSD = 0.05 P value LSD = 0.05
Fungicide seed treatment 0.023 5.992 NS NS 0.041 7.881 0.038 3.886
Inoculation NS - <0.001 3.424 <0.001 3.525 NS -
Cultivars <0.001 3.79 <0.001 4.842 <0.001 4.985 <0.001 2.458
Fungicide seed treatment x inoculation 0.01 8.474 NS - NS - NS -
Fungicide seed treatment x cultivars <0.001 11.984 NS - NS - 0.001 7.772
Inoculation X cultivars <0.001 5.359 0.011 6.848 0.018 7.049 NS -
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A. trifolii, followed by propamocarb; and effects were similar in re-
lation to dry root weights (Table 8). For shoot dry weight, iprodione
was best, followed by phosphonic acid and propamocarb; while met-
alaxyl was the least effective spray fungicide for protecting tap and
lateral roots from disease caused by A. trifolii (Table 8).
Controlled environment Experiment 5: seed fungicides against
P. clandestina. Fungicide treatments overall significantly reduced
tap and lateral root disease, and there were significant interactions be-
tween fungicides with cultivar in relation to both tap and lateral root
disease (Tables 9 and 10, Fig. 2A and B). For tap root disease, metal-
axyl was most effective, followed by ipconazole + metalaxyl. There

was a strong interaction of fungicide with cultivar, for example where
phosphonic acid significantly reduced tap root disease on Meteora
but not on Riverina, and where metalaxyl and ipconazole + metalaxyl
reduced tap root disease only on Meteora and Riverina. The least tap
root disease occurred on Seaton Park, which is highly resistant to P.
clandestina, and there was overall no benefit from utilizing fungi-
cides on this cultivar (Table 10, Fig. 2A). In relation to lateral root
disease, metalaxyl was again the best fungicide across Meteora, Riv-
erina, and Woogenellup, followed by phosphonic acid across the
same cultivars, then ipconazole + metalaxyl but only for Riverina
and Woogenellup (Table 10, Fig. 2B).

Table 6. Controlled Experiment 3: Seed treatments against Aphanomyces trifolii. Effect of fungicide seed treatments on emergence (%), tap root rot disease index,
lateral root rot disease index, and shoot dry weight (mg). Means are shown in italics.

Meteora Riverina Seaton Park Woogenellup
Cultivars
Aphanomyces Aphanomyces Aphanomyces Aphanomyces
Inoculum Nil trifolii Nil trifolii Nil trifolii Nil trifolii Mean
Emergence rate (%)

Nil 92.5 85.0 90.0 85.0 92.5 82.5 67.5 72.5 83.4
Dividend 85.0 90.0 75.0 85.0 85.0 92.5 72.5 87.5 84.1
Fluquinconazole 87.5 90.0 67.5 71.5 92.5 75.0 85.0 82.5 82.2
Metalaxyl 82.5 82.5 72.5 67.5 90.0 71.5 87.5 80.0 80.0
Phosphonic acid 71.5 80.0 65.0 70.0 92.5 71.5 85.0 82.5 78.8
Propamocarb 82.5 72.5 72.5 65.0 71.5 62.5 82.5 75.0 73.8
Ipconazole + metalaxyl 85.0 80.0 82.5 90.0 70.0 87.5 75.0 85.0 81.9
Iprodione 90.0 90.0 67.5 75.0 90.0 95.0 80.0 82.5 83.8
Sedaxane + difenoconazole + 80.0 70.0 72.5 85.0 85.0 92.5 71.5 82.5 80.6

metalaxyl
Thiram 95.0 82.5 72.5 55.0 82.5 67.5 80.0 90.0 78.1
Mean 85.8 82.3 73.8 75.5 85.8 81.0 79.3 82.0 80.7

Tap root disease index

Nil 14.96 35.08 29.25 49.0 6.25 41.58 225 535 31.52
Dividend 23.79 43.58 10.0 34.38 10.0 36.63 17.92 39.17 26.93
Fluquinconazole 21.75 27.12 26.67 37.04 8.5 38.88 3.17 50.0 26.64
Metalaxyl 12.12 41.0 8.21 38.83 15.25 33.96 5.25 39.88 24.31
Phosphonic acid 28 25.29 22.29 48.42 5.87 32.88 6.25 43.25 26.53
Propamocarb 16.67 37.04 20.96 34.42 10.0 27.71 6.75 46.58 25.02
Ipconazole + metalaxyl 18.83 23.08 21.33 39.12 9.17 17.12 16.54 52.83 24.75
Iprodione 42.13 32.75 31.67 34.71 3.62 38.75 26.62 40.25 31.31
Sedaxane + difenoconazole + 14.62 27.5 11.58 44.12 2.75 27.88 23 28.83 22.54

metalaxyl
Thiram 22.62 46.08 27.17 32.08 3.12 15 29.42 425 27.25
Mean 21.55 33.85 20.91 39.21 7.45 31.04 15.74 43.68 26.68

Lateral root disease index

Nil 24.33 56.46 37.25 71.08 3.13 30.54 26.04 44.21 36.63
Dividend 30.54 58.92 17.63 56.75 7.38 34.63 16.46 14.0 29.54
Fluquinconazole 20.63 42.75 41.38 51.83 0 34.21 3.0 42.42 29.53
Metalaxyl 11.88 47.13 8.88 63.67 0 21.46 1.25 60.67 26.87
Phosphonic acid 44.67 44.54 28.96 57.63 0 30.63 3.96 60.88 33.91
Propamocarb 31.79 46.67 24.67 56.75 0 23.75 15.13 47.38 30.77
Ipconazole + metalaxyl 28.42 49.17 22.88 52 1.67 14.04 12.75 43.63 28.07
Iprodione 46.00 46.13 32.04 59.58 2.50 33.25 24.0 59.42 37.87
Sedaxane + difenoconazole + 29.00 55.21 21.88 50.63 3.0 25.75 19.75 57.25 32.81

metalaxyl
Thiram 32.12 64.29 12.17 56.25 0 14.0 23.13 30.71 29.08
Mean 29.94 51.13 24.77 57.62 1.77 26.23 14.55 46.06 31.51

Shoot dry weight (mg)

Nil 45.88 46.27 28.9 30.81 34.83 38.55 47.22 42.57 39.38
Dividend 45.7 42.64 33.59 28.56 38.22 32.99 37.65 39.6 37.37
Fluquinconazole 38.27 42.33 39.13 40.05 29.32 26.62 38.6 40.72 36.88
Metalaxyl 38.35 38.14 39.26 45.49 26.11 29.2 47.64 41.1 38.16
Phosphonic acid 41.53 40.39 46.00 33.89 30.97 32.54 40.07 42.42 38.48
Propamocarb 36.7 44.39 48.36 40.68 33.11 28.1 43.28 41.41 39.50
Ipconazole + metalaxyl 39.73 47.11 35.33 28.85 35.32 31.14 43.75 35.61 37.11
Iprodione 42.45 51.04 44.26 41.73 34.26 30.54 50.21 46.51 42.63
Sedaxane + difenoconazole + 43.17 48.33 32.38 36.47 34.47 31.57 48.3 43.95 39.83

metalaxyl
Thiram 47.00 46.4 41.6 51.35 35.04 34.08 46.31 34.69 42.06
Mean 44.70 37.79 31.53 40.86 41.88 38.88 33.17 44.30 39.14
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Controlled environment Experiment 6: foliar fungicides
against P. clandestina. There were no significant effects of fungicide
spray treatments on any of the assessment parameters except for re-
duced lateral root disease for Meteora when phosphonic acid had
been sprayed (Table 11, Fig. 3).

Controlled environment Experiment 7: seed fungicides against
R. solani. There were no significant fungicide treatment effects for
this experiment (data not shown). It was not considered worthwhile
to subsequently test foliar fungicides against this pathogen as disease
progression was particularly rapid and pre-empted application timing
for foliar sprays.

Field studies 2015. There was extensive tap and lateral root dis-
ease in pre-existing subterranean clover forages at all eight field test
sites. In particular, five sites showed very severe tap root disease
(TDI% range 70-80), six showed very severe lateral root disease
(LDI% range 57-80), and Rhizobium nodulation was very poor
across seven sites (NI% range 0-30). All test sites were confirmed
to have a soilborne pathogen complex, with two sites having four
pathogen groups, five sites having three pathogen groups, only one
site having two pathogen groups. All but one site had a mixture of
at least one major oomycete and one major fungal pathogen group
(Table 2).

There were very few significant effects from either seed or foliar
spray fungicide treatments in 2015 and data for sites/sampling times
where there were no significant effects is not provided. In South Aus-
tralia field site #2 and in New South Wales field site #1, both at first
sampling, there was an effect of metalaxyl fungicide seed treatment
on significantly improving germination, and at the New South Wales
site, there was also significant improvement in germination from
ipconazole + metalaxyl (Fig. 4A and B). In New South Wales field
site #2 at second sampling, there was a significant effect of both met-
alaxyl and phosphonic foliar sprays on reducing lateral root disease
severity (Fig. 5A).

Field studies 2016. In 2016, as in 2015, there were again very few
significant effects of either seed or foliar spray fungicide treatments
and data for sites/sampling times where there were no significant ef-
fects is not provided. The only significant effects were in Western
Australia field site #2 at second sampling, where there was a signif-
icant effect of both phosphonic acid and metalaxyl foliar sprays on
reducing lateral root disease severity (Fig. 5B), and for field site #1
at second sampling, there was a significant effect of mixed fungicide
seed treatment on increasing root and shoot dry weight per plant (Fig.
6B). In South Australia field site #2 at first sampling, there was a sig-
nificant effect of mixed fungicide seed treatment on increasing per-
cent germination and percent nodulation index (Fig. 6A).

Discussion

Annual forage legumes across southern Australia continue to be
devastated by soilborne diseases. This is the first comprehensive
study to evaluate a wide range of different seed and foliar fungicide
treatments across different clover cultivars against the most impor-
tant individual oomycete soilborne pathogens P. irregulare, A. trifo-
lii, and P. clandestina and the most important fungal pathogen, R.
solani. Initially, studies were undertaken under controlled conditions

and, subsequently, the efficacies of the most promising options were
tested and compared in 2 years of field experiments across southern
Australia. Overall, controlled environment studies highlighted strong
potential for utilizing seed treatments against individual pathogens to
ensure seedling emergence and early survival. For these controlled
environment studies, seed and foliar sprays in many situations en-
hanced productivity by reducing seedling damping-off and root dis-
ease caused by individual pathogens. However, in field experiments
over 2 years across southern Australia against naturally occurring
soilborne pathogen complexes involving these same pathogens, fun-
gicides tested rarely showed any benefit. It is evident that currently
available fungicide seed and/or foliar spray treatment options do
not offer effective field mitigation of damping-off and root disease
on annual forage legumes that underpin livestock feed production
across southern Australia.

In controlled environment experiments involving seed fungicides,
against P. irregulare, across the four cultivars, thiram and metalaxyl
were best against damping-off and for maximizing root and shoot
weights, respectively. Greenhalgh (1983) also showed that metalaxyl
at rates of 0.175-0.7% a.i. (wt/wt) of seed gave good control of root
disease caused by P. irregulare under controlled environmental con-
ditions. Against P. irregulare, it is evident that seed treatment is a
promising route for ensuring seedling germination, establishment,
survival, and productivity in situations where this pathogen is the
only or predominate pathogen. Against A. rifolii, metalaxyl, ipro-
dione, difenoconazole + metalaxyl, ipconazole + metalaxyl, and
sedaxane + difenoconazole + metalaxyl, all reduced damping-off;
sedaxane + difenoconazole + metalaxyl, fluquinconazole, and ipco-
nazole + metalaxyl all reduced lateral root disease across two or more
cultivars. Iprodione, thiram, and sedaxane + difenoconazole + met-
alaxyl increased shoot dry weight. Against P. clandestina, metal-
axyl was the most effective against tap and lateral root rot
followed by ipconazole + metalaxyl or phosphonic acid for tap
and lateral rot, respectively. Against R. solani, there were no effects
of fungicides. In contrast, Almasudy et al. (2015) showed that, un-
der artificial conditions, ipconazole + metalaxyl was highly effec-
tive in reducing root disease from R. solani anastomosis group
(AG) 8 in wheat, but that difenoconazole was largely ineffective.
Under controlled environment and/or single pathogen situations,
overall, there is strong potential for utilizing seed treatments against
individual pathogens to ensure seedling emergence and early sur-
vival. In such situations, increased productivity can be expected
from reduced seedling root disease caused by some of the tested in-
dividual pathogens.

In controlled environment experiments involving foliar sprays,
overall, phosphonic acid was best at preventing productivity losses
from A. trifolii, but was overall ineffective against P. clandestina,
P. irregulare, and R. solani in terms of controlling damping-off
and root disease. This is in contrast to earlier studies of Hochman
et al. (1990) and Burnett et al. (1994), who showed that metalaxyl
could provide useful field control of root disease, especially when
caused by P. clandestina. Greenhalgh et al. (1994) and Greenhalgh
and Clarke (1985) showed similar outcomes for applications of po-
tassium phosphonate, primarily against this same pathogen. Under

Table 7. Controlled Experiment 4: Foliar treatments against Aphanomyces trifolii. Statistical main effects and interactions (P and LSD values)

Tap root disease  Lateral root disease  Shoot dry weight Root dry weight

Emergence % index index (mg) (mg)

P P P P P
Main effects value LSD=0.05 value LSD=0.05 value LSD=0.05 value LSD=0.05 value LSD=0.05
Fungicide spray treatment NS - 0.043 12.56 0.004 12.33 <0.001 3.923 <0.001 2.295
Cultivars 0.003 8.76 0.013 11.24 <0.001 11.02 <0.001 3.509 <0.001 2.053
Fungicide spray treatment x inoculation NS - NS - NS - NS - NS -
Fungicide spray treatment x cultivars NS - NS - NS - NS - NS -
Inoculation X cultivars NS - NS - NS - NS - 0.047 2.903
Fungicide spray treatment x inoculation x NS - NS - NS - NS - NS -

cultivars
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controlled environment and/or possibly in single-pathogen field sit-
uations, there is potential for utilizing foliar sprays to enhance pro-
ductivity from reducing seedling root disease.

In contrast to the outcomes from controlled environment experi-
ments involving individual pathogens, in Australia-wide national
field experiments 2015 and 2016, against naturally occurring soil-
borne pathogen complexes involving these same pathogens, fungi-
cides tested showed little or no benefit. This was the outcome even
when combinations of fungicides were applied. Perhaps this should
have been expected, as across these national field trial sites used, it
was found that P. clandestina, P. irregulare, A. trifolii, and R. solani
generally occur as complexes of 2—4 different pathogens (Foster et al.
2017) and as we specifically confirmed in the current study. In terms
of overall losses, other studies showed that soilborne pathogens re-
duced field germination, root and shoot systems up to 70, 90, and
85%, respectively, and were the overriding reason why subterranean
clover does not persist in severely affected legume forages (Barbetti
et al.1986a, 2006a, 2007; Wong et al. 1984; M. P. You and M. J. Barbetti,
unpublished). Individually, in the field, P. irregulare reduced germi-
nation by up to 60% and with up to a 50% loss in plant productivity;
P. clandestina reduced germination by up to 25% and caused a 4.5-
fold loss in plant productivity; R. solani reduced germination by up to
90% and caused up to 75 to 80% loss in shoot and root production; A.
trifolii reduced germination by up to 14% and caused up to 50 to 55%
loss in shoot and root systems (M. P. You and M. J. Barbetti, unpub-
lished). However, when there were two or more pathogens, up to
100% germination failure and total loss of root and shoot production
occurred (M. P. You and M. J. Barbetti, unpublished). The need for

Table 8. Controlled Experiment 4: Foliar treatments against Aphanomyces trifolii.

disease indices, shoot and root dry weights (mg). Means are shown in italics.

effective, reliable, practical, and flexible fungicide options to reduce
the losses during autumn-winter period from soilborne damping-
off and root disease in critical. Yet the performance of fungicide
seed treatments in current field studies showed very low efficacy.
This was so even in comparison with some historical field experi-
ments where a range of different fungicide seed treatments were
tested under field conditions across two growing seasons (1984
and 1985) in Western Australia for their efficacy in controlling root
disease of subterranean clover (Barbetti et al. 1987b). In those earlier
studies, some seed treatments resulted in large increases in seedling
survival and decreases in tap and lateral root disease severity, partic-
ularly treatments containing metalaxyl, perhaps the fungicide most
expected to be effective as it is strongly selective against oomycetes
(Schwinn et al. 1977). In these same historical experiments, even thi-
ram and propamocarb showed some effectiveness, but benomyl and
iprodione were ineffective. However, there was likely more potential
for fungicides to be effective in the 1980s for two reasons. First, there
was only a single known race of P. clandestina in Western Australia
at that time (Taylor et al. 1985a), compared with 31 currently (Foster
et al. 2017). Also, A. trifolii was not known to be present at that time
(Ma et al. 2008; O’Rourke et al. 2010). Similar to current field studies,
Barbetti et al. (1987b) found in-field response to seed treatments vari-
able between both sites and seasons. Despite observing some large in-
creases in seedling survival and decreases in tap and lateral root
rot levels with some in-field seed treatments, Barbetti et al. (1987b)
hesitated to make any recommendations for using fungicidal seed
treatments at that time. Not only did they find that response to
seed treatments was variable both between sites and from season to

Effect of fungicide spray treatments on emergence (%), tap and lateral root rot

Cultivars Meteora Riverina Seaton Park Woogenellup
Inoculum Nil A. trifolii Nil A. trifolii Nil A. trifolii Nil A. trifolii Mean
Emergence rate (%)
Nil 85.0 70.0 75.0 72.5 82.5 71.5 80.0 71.5 78.6
Metalaxyl 82.5 87.5 85.0 72.5 80.0 80.0 70.0 80.0 78.6
Phosphonic acid 80.0 82.5 85.0 67.5 100 90.0 80.0 90.0 84.6
Propamocarb 87.5 80 70.0 67.5 92.5 95.0 87.5 85.0 83.6
Iprodione 82.5 87.5 85.0 72.5 80.0 80.0 70 80.0 78.6
Mean 83.5 81.5 77.0 70.5 91.0 86.5 76 82.5 81.0
Tap root disease index
Nil 0 233 0 45.6 0 44.1 0 54.1 41.8
Metalaxyl 0 31.5 0 40.0 0 20.5 0 39.5 32.9
Phosphonic acid 0 8.3 0 15.0 0 34.8 0 28.9 21.8
Propamocarb 0 30.6 0 39.7 0 15.5 0 34.8 30.2
Iprodione 0 20.4 0 36.0 0 24.3 0 43.7 31.1
Mean 0 22.8 0 35.3 0 27.8 0 40.2 315
Lateral root disease index
Nil 0 40.9 0 54.1 0 329 0 64.1 48.0
Metalaxyl 0 412 0 54.4 0 18.8 0 327 36.8
Phosphonic acid 0 20.1 0 30.1 0 234 0 23.6 24.3
Propamocarb 0 472 0 51.2 0 16.0 0 30.9 36.3
Iprodione 0 50.5 0 64.0 0 21.2 0 34.0 42.4
Mean 0 40.0 0 50.8 0 22.5 0 37.1 37.6
Shoot dry weight (mg)
Nil 22.8 25.4 16.3 26.9 17.7 18.6 21.3 23.8 21.6
Metalaxyl 40.1 40.5 38.3 41.3 35.7 314 44.7 41.6 39.2
Phosphonic acid 40.4 47.1 34.2 39.0 38.0 24.0 44.5 38.5 38.2
Propamocarb 39.9 43.7 37.8 37.9 335 29.1 40.9 342 37.1
Iprodione 47.1 454 429 32.1 37.7 349 52.5 424 41.9
Mean 38.1 40.4 33.9 354 32.5 27.6 40.8 36.1 35.6
Root dry weight (mg)
Nil 18.7 21.0 17.3 17.9 17.6 14.7 21.3 22.7 18.9
Metalaxyl 8.4 12.7 7.4 13.1 9.5 9.8 12.1 134 10.8
Phosphonic acid 17.2 23.6 16.0 20.1 17.1 13.6 21.1 17.7 18.3
Propamocarb 17.1 19.0 14.6 21.5 15.1 13.3 17.9 16.0 16.8
Iprodione 19.6 17.8 19.8 17.8 14.6 16.7 22.6 17.7 18.3
Mean 16.2 18.8 15.0 18.1 14.8 13.6 19.0 17.5 16.6
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season, but the same applied in earlier field studies (e.g., Barbetti 1983,
1984a, b, 1985).

While not part of the current study, fungicide drenches as used in
some historical studies also help explain the ineffectiveness of fungi-
cides in the current field studies. For example, Barbetti et al. (1987a),
using a range of different fungicide drenches, found metalaxyl best
for increasing subterranean clover seedling survival, followed by thi-
ram, but with little effect of propamocarb and no effect of iprodione.

The variable and often poor disease control outcomes from those
field trials again highlighted that different pathogens and/or pathogen
complexes were involved in the different locations and across differ-
ent seasons. Even more concerning were instances where different
pathogen complexes were responsible for the rotting of the tap-root
system compared with the lateral root system (e.g., Barbetti et al.
1987a), further challenging the value of using fungicides to mitigate
damage from pathogen complexes. That the effectiveness of any

Table 9. Controlled Experiment 5: Seed treatments against Phytophthora clandestina. Statistical main effects and their interactions on tap and root disease index
(TDI% and LDI%), nodulation index (NI%), and dry root weight and dry shoot weight per plant (DRW (mg/p) and DSW (mg/p)).

TDI% LDI% NI% DRW (mg/p) DSW (mg/p)
Main factor P 0.05 LSD 0.05 P 0.05 LSD 0.05 P 0.05 LSD 0.05 P 0.05 LSD 0.05 P 0.05 LSD 0.05
Fungicide <0.001 2.356 <0.001 2.564 0.187 0.3783 0.459 34.6 0.416 6.725
Pathogen <0.001 1.054 <0.001 1.147 0.003 0.1692 0.82 15.48 <0.001 3.007
Cultivar <0.001 1.49 <0.001 1.622 0.343 0.2393 0.172 21.89 <0.001 4.253
Interactions
Fungicide x pathogen 0.001 3.332 <0.001 3.626 0.19 0.535 0.482 48.94 0.619 9.51
Fungicide x cultivar 0.002 4.712 <0.001 5.128 0.12 0.7566 0.422 69.21 0.336 13.45
Pathogen x cultivar <0.001 2.107 <0.001 2.294 0.343 0.3384 0.156 30.95 <0.001 6.015
Fungicide x pathogen X cultivar 0.003 6.664 <0.001 7.253 0.12 1.07 0.338 97.87 0.174 19.021

Table 10. Controlled Experiment 5: Seed treatments against Phytophthora clandestina. Effect of fungicides on tap and root disease index (TDI% and LDI%),
nodulation index (NI1%), and dry root weight and dry shoot weight per plant (DRW (mg/p) and DSW (mg/p)).

TDI% LDI% DRW (mg/p) DRW (mg/p) DSW (mg/p) DSW (mg/p)
Fungicide Cultivar Nil Phyto Nil Phyto Nil Phyto Deduction % Nil P.cl Deduction %
Dividend Meteora 0.00 19.00 0.00 17.67 30.60 23.30 23.86 7196  55.10 2343
Riverina 0.00 27.00 0.00 28.58 37.80 15.20 59.79 77.18 39.05 49.40
Seaton Park 0.00 0.50 0.00 0.00 22.60 25.50 0.00 5226  45.19 13.53
Woogenellup  0.00 64.67 0.00 73.37 18.30 9.20 49.73 54.58 15.33 71.91
Fluquinconazole Meteora 0.00 22.83 0.00 25.58 26.20 20.40 22.14 70.64 4537 35.77
Riverina 0.00 35.25 0.00 30.08 38.10 15.40 59.58 76.66  39.11 48.98
Seaton Park 0.00 2.25 0.00 0.00 26.20 27.60 0.00 58.73 56.57 3.68
Woogenellup  0.00 60.25 0.00 71.13 21.20 3.80 82.08 59.71 13.30 77.73
Metalaxyl Meteora 0.00 15.92 0.00 11.30 28.70 18.20 36.59 7027  46.16 34.31
Riverina 0.00 15.17 0.00 14.75 37.30 18.30 50.94 80.35  46.17 42.54
Seaton Park 0.00 6.83 0.00 1.88 22.70 21.60 4.85 5426  42.08 2245
Woogenellup  0.00 53.33 0.00 32.62 19.80 23.00 0.00 5574 4481 19.61
Nil Meteora 0.00 27.50 0.00 22.88 29.00 28.80 0.69 80.80  62.50 22.65
Riverina 0.00 27.13 0.00 35.25 34.10 17.50 48.68 7320  45.56 37.76
Seaton Park 0.00 1.67 0.00 2.50 31.40 22.80 27.39 62.68  48.29 22.96
Woogenellup  0.00 64.79 0.00 71.67 22.70 8.20 63.88 6332 2426 61.69
Phosphonic acid Meteora 0.00 13.96 0.00 13.96 30.80 28.90 6.17 74.03 60.73 17.97
Riverina 0.00 26.58 0.00 26.50 32.60 20.40 37.42 75.81 41.37 4543
Seaton Park 0.00 1.50 0.00 0.00 29.50 17.40 41.02 5776  36.53 36.76
Woogenellup 0.00 66.46 0.00 59.92 29.40 9.20 68.71 70.09 24.63 64.86
Propamocarb Meteora 2.50 26.25 0.00 25.21 40.30 16.40 59.31 73.53  43.77 40.47
Riverina 0.00 26.67 0.00 33.12 20.10 18.00 10.45 6249 4532 27.48
Seaton Park 0.00 429 0.00 2.12 2370 341.30 0.00 46.84  50.29 0.00
Woogenellup 0.00 62.50 0.00 73.67 29.20 3.40 88.36 75.87 17.84 76.49
Rancona Dimension ~ Meteora 0.00 20.88 0.00 18.96 37.00 22.60 38.92 90.52  54.05 40.29
Riverina 0.00 17.25 0.00 24.00 24.70 25.40 0.00 70.35 58.28 17.16
Seaton Park 0.00 1.50 0.00 0.00 24.60 22.90 6.91 55.41 41.36 25.36
Woogenellup  0.00 59.46 0.00 65.50 21.90 5.10 76.71 63.27 19.51 69.16
Iprodione Meteora 0.00 27.33 0.00 29.46 23.20 23.60 0.00 7140  53.89 24.52
Riverina 0.00 22.88 0.00 26.92 22.00 26.50 0.00 59.10  58.88 0.37
Seaton Park 0.00 3.13 0.00 4.62 21.00 22.00 0.00 5430  43.86 19.23
Woogenellup  0.00 68.29 0.00 76.38 18.00 9.40 47.78 60.62  21.15 65.11
Syn-A16874F Meteora 0.00 28.63 0.00 40.38 27.40 18.20 33.58 71.10  40.27 43.36
Riverina 0.00 26.83 0.00 36.54 35.50 12.80 63.94 77.27 39.66 48.67
Seaton Park 0.00 6.63 0.00 0.00 27.50 21.70 21.09 55.14 4196 23.90
Woogenellup  0.00 58.25 0.00 68.42 22.00 4.40 80.00 64.34 16.08 75.01
Thiram Meteora 0.00 31.33 0.00 31.88 27.40 13.50 50.73 68.62 4394 35.97
Riverina 0.00 37.08 0.00 39.58 25.80 11.70 54.65 63.83 31.11 51.26
Seaton Park 0.00 1.88 0.00 0.00 30.70 29.20 4.89 58.87 57.02 3.14
Woogenellup  0.00 60.54 0.00 70.92 33.50 9.90 70.45 66.15 16.91 74.44
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particular fungicide(s) in the field is dependent upon geographic lo-
cation and year/season (Barbetti et al. 1987a, b) as a consequence of
changes within the soilborne pathogen complex in relation to the
geographic and temporal situation (Barbetti et al. 1987a, b, 2007)
presents a huge challenge to successful use of fungicide treatments.

Importantly, under controlled environment conditions for P. irregu-
lare, A. trifolii, and P. clandestina in particular, there were strong fun-
gicide X cultivar interactions highlighting the cultivar dependency of
outcomes. Examples include the following: Against P. irregulare, seed

A 80 -

treatment with iprodione gave high protection against damping-oft for
cultivars Meteora, Seaton Park, and Woogenellup but not Riverina.
Sedaxane + difenoconazole + metalaxyl and ipconazole + metalaxyl
gave good protection for cultivars Riverina, Seaton Park, and Wooge-
nellup but not for Meteora. For the same pathogen but for fungicide
spray treatments, Seaton Park was best and Woogenellup second best
in terms of germination, Riverina and Woogenellup were better than
Meteora and Seaton Park in terms of root dry weight, and Riverina best
and Meteora second best in terms of nodulation. Against A. trifolii,
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Fig. 2. Controlled environment studies: Effects of fungicide seed treatment on Phytophthora clandestina root disease index (%) of cultivars Meteora, Riverina, Seaton Park, and

Woogenellup; A, tap root disease; B, lateral root disease index.
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seed treatments ipconazole + metalaxyl, difenoconazole + metalaxyl,
and sedaxane + difenoconazole + metalaxyl gave high protection
against damping-off for Riverina, sedaxane + difenoconazole + metal-
axyl and difenoconazole + metalaxyl showed best protection for Sea-
ton Park, while thiram and difenoconazole + metalaxyl showed good
protection for Woogenellup. Yet, for this same pathogen in terms of
root disease, cultivars Meteora and Riverina showed least lateral root
rot when treated by fluquinconazole, but for Seaton Park and Wooge-
nellup this occurred when treated by thiram or ipconazole + metalaxyl.
Against P. clandestina, the interaction of seed fungicide with cultivar
was well illustrated where phosphonic acid significantly reduced tap
root disease on Meteora but not Riverina, while metalaxyl and ipcona-
zole + metalaxyl reduced tap root disease on both Meteora and River-
ina. For P. clandestina, least tap root disease occurred on Seaton Park,
a variety that is highly resistant, and so there was overall no benefit from
utilizing fungicides on this cultivar. In relation to lateral root disease,
metalaxyl was again the best across Meteora, Riverina, and Wooge-
nellup, followed by phosphonic acid across the same cultivars; then ipco-
nazole + metalaxyl, but only for Riverina and Woogenellup. This is
perhaps not surprising as these cultivars have differing resistance against
both these pathogens (Nichols et al. 2014) and differential gene expres-
sion where root disease is driven by interactions with cultivar (You
et al., unpublished). Hence, an important future focus will be to not

only identify host resistances and tolerances against the soilborne
pathogen complex, but to identify and combine host resistance and/or
tolerance with particular fungicide seed options to maximize forage
legume productivity.

Itis evident that developing and deploying cultivars with increased
field resistance to root rot is the best long-term means to manage
these soilborne disease complexes. This is despite the high cost
and challenges of renovating ‘permanent’ annual legume forages.
As a basis to breed cultivars with resistance(s) to different soilborne
pathogens, current resistances to individual soilborne pathogens can
be utilized. Examples include: Karridale showing strong resistance,
and even Dinninup, Enfield, Mt Barker, and Urana showing moder-
ate resistance, against P. irregulare (Nichols et al. 2014). Seaton Park
is known to have the greatest resistance to the majority of known
races of P. clandestina (You et al. 2005b). Yarloop has best greatest
resistance against A. trifolii (You et al. 2016), and Daliak, Dinninup,
and Junee have greatest resistance against R. solani (Barbetti et al.
1986b). Additionally, some subterranean clover cultivars that exhibit
strong field resistance to root rot, such as Junee and Karridale (Nicholas
1985a, b), have been recommended for sowing across regions covering
some of the worst root rot-affected areas across southern Australia. Of
particular interest are ongoing studies to identify field tolerance against
the full range of pathogens involved in soilborne disease complexes,

Table 11. Controlled Experiment 6: Foliar treatments against Phytophthora clandestina. Statistical effect of main effects and their interactions on germination %,
tap and root disease index (TDI% and LDI%), nodulation index (NI1%), and dry root weight and dry shoot weight per plant (DRW (mg/p) and DSW (mg/p)).

TDI% LDI% NI1% Germination % DRW (mg/P) DSW (mg/P)
Poos LSDoos Poos LSDoos Poos LSDoos Poos LSDoos Poos LSDoos Poos LSDgos
Main factor
Fungicide 0.883 2.154 0.028 1.856 0.082 2.776 0.922 6.8 0.303 6.25 0.326 12.71
Pathogen <0.001 1.362  <0.001 1.174 0.014 1.756 0.607 4.3 <0.001 3.95 <0.001 8.04
Cultivar <0.001 1.926  <0.001 1.66 <0.001 2.483 <0.001 6.08 <0.001 5.59 <0.001 11.37
Interaction
Fungicide x pathogen 0.883 3.046 0.028 2.624 0.279 3.926 0.462 9.61 0.499 8.83 0.685 17.98
Fungicide x cultivar 0.239 4307 <0.001 3.711 0.433 5.552 0.875 13.6 0.272 12.49 0.441 25.43
Pathogen x cultivar <0.001 2.724  <0.001 2.347  <0.001 3.511 0.51 8.6 <0.001 7.9 <0.001 16.08
Fungicide x pathogen x cultivar ~ 0.239 6.091 <0.001 5.249 0.373 7.852 0.674 19.23 0.092 17.67 0.681 35.96
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studies that have recently demonstrated both the feasibility and long-
term advantages of such an approach (M. P. You and M. J. Barbetti,
unpublished).

It clear that fungicide control options face significant challenges in
field situations favorable to development of soilborne pathogen com-
plexes, both as across the eight field sites used in the current study
and as in general across southern Australia from Australia-wide sur-
veys of forage legume root disease (Foster et al. 2017). Given that there
is strong public pressure toward reducing pesticide use, particularly in

Europe (Lamichhane et al. 2016), recognition of their ineffectiveness
in some situations involving pathogen complexes offers new impetus
toward reducing their usage in such situations. However, for the poor-
est of Mediterranean soil types such as in Australia, the magnitude of
the challenge is illustrated in the current study by the fact that two of
our field sites had four pathogen groups, five sites had three pathogen
groups, and one site had two pathogen groups. Further, all but one site
had a mixture of at least one major oomycete and one major fungal
pathogen group present. Even more concerning is that from a southern
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Fig. 4. Field studies: Effect of fungicide seed treatments on % germination. A, South Australia 2015 field site #2 first sampling. B, New South Wales 2015 field site #1 first sampling.
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Australia-wide survey in 2014, Foster et al. (2017) noted the common
occurrence of natural synergistic associations in the field between dif-
ferent pathogen genera/species, where combinations of pathogens
exceeded the individual incidences for each pathogen occurring solely
on its own. For example, Foster et al. (2017) specifically noted exam-
ples for Rhizoctonia + Pythium species, Pythium species + Fusarium
species, Pythium species + A. trifolii, and P. clandestina + A. trifolii.
Clearly these soilborne pathogens have a preference to operate as com-
plexes under both controlled (e.g., Barbetti et al. 1986a; Wong et al.
1984, 1986a), and in natural field situations (Foster et al. 2017).

We are not suggesting that the Australian situation of complex
mixtures of soilborne pathogens involved in devastating forage
legumes is universal elsewhere. For example, there is currently no
evidence of a similar situation for forage and crop species in Mediter-
ranean (Lamichhane et al. 2018), or even non-Mediterranean regions
such as in Europe or the United States where chemical seed treat-
ments are a widely accepted means for providing reliable control
of seedling damping-off and/or seedling root diseases (Lamichhane
et al. 2018). However, Lamichhane and Venturi (2015) did highlight
a concerning trend in general toward increasing synergisms between
microbial pathogens in plant disease complexes. One reason for the
difference between Australia and elsewhere could be the inherent dif-
ferences between soil types, even between Australian with European,
middle-eastern, and North African Mediterranean climatic regions.
The true Mediterranean regions are predominantly a mosaic of soil
types characterized by brown earths, brown and red Mediterranean
soils, and cinnamon soils (Bridges 1970) that have greater microbial
buffering capacity than in the poorer soils of Australia and South
Africa that have little biological buffering capacity (Sivasithamparam
1993). For example, Wong et al. (1986a) studied the nature and be-
havior of P. clandestina in the soil and found that exposure of P. clan-
destina inoculum to increasing numbers of soil microbes reduced the
severity of root disease of subterranean clover, highlighting that P.
clandestina is favored by the relatively poor biological buffering
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capacity of soils in southwest Western Australia. Further, Wong
etal. (1986a) demonstrated that the most probable number for P. clan-
destina propagules in a root rot-affected field in Western Australia
peaked in May, the month in which root rot is often most severe
(Wong et al. 1986b), and coinciding with the opening seasonal rains.

In particular, it is different plant nutrient levels and constituents in
these same soils that differentiate the two groups of Mediterranean
lands, viz., the moderately fertile soils of the Mediterranean Basin in
comparison with the more infertile soils of Australia and South Africa.
In these latter two countries, soils have developed from nutrient-poor,
very old parent materials or infertile siliceous sands, have been highly
weathered, and highly leached, and their levels of macro- and micronu-
trients have been greatly reduced (Sivasithamparam 1993). As a con-
sequence, soilborne disease complexes are prevalent on annual forage
legumes, both in Australia (e.g., Barbetti et al. 20064, b) and in South
Africa (Lamprecht et al. 1988), the latter involving various species of
Fusarium such as F. avenaceum, F. culmorum, F. graminearum, and
F. lateritium, and various Pythium spp. such as P. irregulare, P. ulti-
mum, and P. spinosum (Lamprecht et al. 1988) and Cylindrocladium
scoparium (Lamprecht 1986). The low levels and availability of soil
nutrients in Australian and South African soils seemingly prevent
any significant role of nutrition in suppression of soilborne diseases
(Sivasithamparam 1996). This conclusion is supported by situations
where nutrient amelioration of such soils leads to significant reduc-
tions in soilborne diseases of forage legumes in Australia (O’Rourke
et al. 2012). Clearly, improved management of soilborne diseases
by utilizing nutrient amendments is possible, not only by providing
the nutrient base to increase activity of resident microbial populations
that offer biological buffering against major soilborne diseases, but
also through directly enhancing plant growth and defenses. The crit-
ical role of soil nutrients in enhancing the biological buffering against
major soilborne diseases, in augmenting the expression of host resis-
tance, in altering interactions between host and pathogen and/or an-
tagonists, and their influence on pathogen inoculum carry-over,
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are areas offering potential improved management of soilborne path-
ogen complexes. Additional challenge to successful management of
soilborne pathogen complexes is driven by the fact that severity of
disease caused by the main individual pathogens P. clandestina
(You and Barbetti 2017a), R. solani (You and Barbetti 2017b), P.
irregulare (You et al. 2017b), and A. trifolii (You et al. 2018), in ad-
dition to nutrients, are differentially affected by environmental fac-
tors such as temperature, soil moisture and cultivar (You and
Barbetti 2017a, 2017b; You et al. 2017b, 2018).

For forage legumes, there seems little if any potential for practical
management of damping-off and root disease using fungicide seed
and/or foliar spray treatments where soilborne pathogen complexes
are involved. While fungicide seed treatment is “frequently per-
formed with almost 100% of treated seeds for the most important ar-
able crops worldwide” (Lamichhane et al. 2019), there is a need not
only for more extensively field test recommended fungicide seed and
foliar treatments, but to better ‘match’ soilborne pathogen identities
to the relevant fungicide(s). This lack of understanding and quantifi-
cation of major biotic stress determinants limiting seed germination
and seedling emergence remains part of the information gap noted
by Lamichhane et al. (2017, 2018).

In conclusion, where unpredictable and ever-changing soilborne
pathogen complexes are involved, there is a need to refocus away
from fungicides to more effective alternative options. These could in-
clude a platform for developing and deploying new host tolerances
and resistances (Nichols et al. 2014), along with a range of ‘less ef-
fective’ but ‘more flexible’ options to reduce severity of damping-off
and root disease, such as by increasing the proportion of legume-to-
grass content, by reducing grazing intensity, by adding Rhizobium
(You and Barbetti 2019), by better rotation (Barbetti 1991a), by cul-
tivation (Barbetti and MacNish 1984; You et al. 2017a), and by add-
ing mineral amendments (Barbetti 1990; O’Rourke et al. 2012). It is
evident that tested fungicide seed and/or foliar spray treatment op-
tions, on their own, simply do not offer an effective mitigation strat-
egy for damping-off and root disease on the annual forage legumes
that underpin livestock production across southern Australia.
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