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MEDIA SUMMARY

Biofumigation — optimising biotoxic Brassica rotations for soil-borne pest and
disease suppression.

Biofumigation refers to the use of plants in the Brassica family to produce natural
chemicals that are toxic and behave like some pesticides used to fumigate soil. The
aim is to achieve a more generally acceptable and biologically-based method of
suppressing pests and diseases in soil.

Soil-borne pests and diseases are a major problem for many of Australia’s
horticultural producers, decreasing yields and affecting quality. Some industries can
afford to use expensive synthetic fumigants and pesticides, but many cannot. Most
producers would prefer to avoid or at least limit their use of such chemicals.

Rotation crops of various kinds are often used to break the life cycle of pests and
diseases, but the purpose of this research project was to achieve greater effects by
using brassicas and treating them in such a way that maximised the release of the
fumigant-like chemicals. It also aimed to find simple methods for producers to grow
brassicas without specialist machinery.

The research found that dense stands of rapes and mustards could be produced after
sowing seeds onto well-prepared land using simple equipment. The most significant
findings centred on achieving maximum release of the fumigant chemicals from the
plants, where amounts over ten times greater than had been previously obtained were
achieved.

To achieve the maximum chemical release it is most important to thoroughly
pulverise the plant material using a mulching machine fitted with club blades. Cutting
blades are inadequate as they only chop the plants into fragments. It is then vital to
water the mulched plant material thoroughly to assist the reactions that produce the
chemicals, and carries them into the soil.

The results of this research project give the basic knowledge that will assist producers

in making decisions about the various alternatives for managing soil pests and
diseases and implementing them in their various production systems.
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TECHNICAL SUMMARY

Biofumigation — optimising biotoxic Brassica rotations for soil-borne pest and
disease suppression.

Soil-borne pests and diseases are a major problem for many of Australia’s
horticultural producers, decreasing yields and affecting quality. Some industries can
afford to use expensive synthetic fumigants and pesticides, but many cannot. Most
producers would prefer to avoid or at least limit their use of such chemicals.

Biofumigation refers to the use of plants in the Brassica family to produce various
toxic isothiocyanates (ITCs) from the range of glucosinolates that can occur in high
concentrations in different species and varieties. The aim of this project was optimise
the chances of achieving high levels of ITC release from brassicas and incorporation
into soil to provide horticultural producers with more options for suppressing pests
and diseases in soil. It also aimed to find simple methods for producers such as potato
growers, who are unlikely to have equipment for handling small seeds, to grow
brassicas without specialist machinery.

Dense stands of rapes and mustards could be produced after sowing seeds through a
fertiliser spreader onto a well-prepared seedbed. The most significant findings
centred on methods for achieving maximum release of ITCs from the plants by
ensuring that tissue disruption was at the cellular level. Amounts of ITCs measured in
soil 10-100 times greater than had been previously obtained were achieved.

The high levels of ITC release were achieved in the field by thoroughly pulverise the
plant material using a mulching machine fitted with club blades. Cutting blades are
inadequate as they only chop the plants into fragments. But it is then vital to water
the mulched plant material thoroughly to assist and promote the hydrolysis that
produce the chemicals, and carries them into the soil.

Mustards, which produce high levels of above-ground biomass rich in propenyl ITC
produced the greatest concentrations of ITC in the soil after mulching and substantial
watering. Levels of propenyl ITC in soil reached 50% of the levels of methyl ITC
produced by application of the recommended 500 L/ha of the commercial pesticide
metham sodium.

The results provide the basic knowledge that optimises the production and
incorporation into soil of ITCs from brassicas. This will assist horticultural producers
by broadening their options and helping them in making decisions about the various
alternatives for managing soil pests and diseases and implementing them in their
various production systems.

13
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INTRODUCTION

One of the most critical issues facing producers of underground vegetable crops is the
management of soil-borne pests and diseases in sustainable ways. The subterranean
nature of crops such as potatoes, carrots and onions exposes the final product to a
wide variety of noxious organisms — insects, nematodes, fungi, bacteria. These
reduce yield through plant destruction, or they damage the product directly, making it
unmarketable. Such organisms can also have a major deleterious effect on above-
ground crops through damage to roots, causing reduced plant growth and yield.

Predicting the threat of soil-borne pests and diseases is highly challenging because
they occur hidden in soil. They are particularly difficult to diagnose or scout for,
making these basic approaches for implementation of classical integrated pest
management (IPM) that are adopted in above-ground crops almost impossible to
implement practically and economically.

Control is also difficult because very low populations are often highly damaging, the
organisms are hidden and unevenly distributed in the soil, they are often microscopic
in size, they often occur in resting stages and are triggered to erupt by a particular
congruence of unpredictable environmental circumstances, and damage can be
cumulative from early in crop development.

Often the risk of attack or infection is so pervasive that prophylactic application of
pesticides prior to planting the crop is common, simply as insurance against the
unexpected. It is usually too late and impractical to effectively apply pesticides for
control of soil-borne pest organisms during crop growth.

The use of residual pesticides to control such things as soil insects is no longer
permitted. Recently there has been an accelerating trend to the use of the soil
fumigant metham sodium to obtain broad-spectrum control of a wide range of soil-
borne pests and diseases in horticulture in Australia. This appears to have been driven
by two main factors: the phaseout of methyl bromide under the Montreal Protocol for
reduction of ozone-depleting substances, to which Australia is a signatory, and
increasing market demands for high quality blemish-free produce.

Metham sodium is the precursor for the toxin methyl isothiocyanate, which is
generated when metham sodium contacts moisture in the soil. Metham sodium is a
relatively expensive product, costing around $800 per hectare. Despite benefits that
can derive from its use, it is uneconomical for vegetable and potato production in
many parts of Australia.

In common with many commonly-used and effective pesticides, there are concerns
about over-reliance on the use of metham sodium. It is a broad-spectrum biocide
toxic to almost all soil-dwelling organisms and to plants until fully dissipated. It is
also unpleasant to use, and it is susceptible to the phenomenon of enhanced
biodegradation where repeated use leads to selection of microbial populations in the
soil that degrade the pesticide so rapidly that the desired pesticidal effect becomes
problematic.

15



Producers would undoubtedly prefer to minimise their use of highly toxic and
expensive materials. Also, the frequent use of broad-spectrum biocides in soil would
be widely viewed as not the most biologically desirable practice to adopt in the long
term. Heavy pesticide use, in sometimes apparently indiscriminate ways associated
with prophylactic use, also does not fit well with the ‘clean and green’ image that
Australian horticultural industries wish to convey as they promote products and
develop markets, particularly those that are export-focussed.

Also, it is widely and commonly known that there are no new synthetic soil fumigants
on the horizon from the agrochemicals industry, and that development of soil
fumigants is not an area that industry actively pursues. Unsustainable practices in the
way metham sodium is used could result in its absence for use in situations of very
high soil-borne pest and disease pressure, where such powerful methods arguably still
have a role.

The characteristics of soil pests and diseases makes for a major challenge in
developing management techniques that do not impact unnecessarily severely on
diverse range of organisms that make up the soil biota, but that can offer the virtual
elimination of risk that producers desire. Reliance solely on incorporation of
pesticides, especially such compounds as broad-spectrum fumigants into soil for the
control of soil-borne pests and diseases is a practice many would see as being not
sympathetic to the ideals of managing agricultural systems for long-term
sustainability.

This research project was predicated on the principle that producers have a strong
desire, and need to be offered more options, for management of soil-borne pest and
disease problems. This is in order to have the capacity to make choices that meet their
particular pest management needs and production system ideals, and to fit with
general industry strategic objectives of reducing reliance on a limited range of
chemical pesticides.

These needs can only be satisfactorily addressed by seeking a biologically-based
solution to the issue. The focus of this research project was to develop the use of
plants that have biological activity against other organisms through their capacity to
produce fumigant-like compounds as biological fumigants to act against soil-borne
pests and diseases.

Biofumigation refers to the use of biologically-active plants as green manures, cover
crops or rotation crops for suppression of soil-borne pests and diseases. In the context
used here, biofumigation refers specifically to the use of Brassica species. The
concept stems principally from the knowledge that many Brassica species have within
their tissues glucosinolates that are the precursors of isothiocyanates.

These are often volatile chemicals known to be powerful toxins. They form from
glucosinolates when the plant tissue is damaged, which allows the enzyme myrosinase
to catalyse the chemical reaction. The particular link that makes the concept of
harnessing plants that have a natural ability to produce isothiocyanates attractive is
that methyl isothiocyanate is the well-known and effective active compound resulting
from breakdown of the commercial soil fumigant metham sodium.

16



The notion that these properties could be used as a pest and disease management
technique came initially from research results that wheat crops in the south-eastern
Australian cereals belt often grew more productively and yielded better when grown
after a Brassica crop such as canola. The effect appeared related, at least in part, to
the presence of healthier roots on the wheat plants. The effects were often more
pronounced where wheat was grown following mustard.

Unlike canola, which is a selection of oilseed rape to contain extremely low levels of
glucosinolates in its seed in order to produce edible oil, mustard is valued for its
pungent characteristics which are related to high isothiocyanate production. Tests of
volatiles emitted from pieces of Brassica root material confirmed that they were toxic
and suppressive to the growth of cereal pathogens such as the Take-all fungus.

Together, these results gave rise to the idea that appropriate Brassicas could be
selected and used for soil-borne pest and disease suppression in cropping systems,
through the biological ‘fumigation’ effect. Various accounts, either in the literature
dating back some time, or anecdotally from people in industry tended to corroborate
the research findings in the cereals industry, with comments about ‘cleaner’ crops
following such plants as Brassica vegetable and fodder crops.

Investigations of the phenomenon in earlier GRDC and HRDC-funded projects
revealed the widely varying types and levels of occurrence of glucosinolates in
different species and cultivars and in different plant tissues, compared the growth of
different types of brassicas in various regions, developed analytical and bioassay
techniques, and assessed biological activity.

The measurement of glucosinolate profiles was used as a measure of biofumigation
potential of Brassica tissues. That work revealed wide variation in 80 or so diverse
commercial Brassica species and cultivars. Associated studies examined the effects
of environment and plant development on glucosinolate production and the vapour
and contact toxicity of various isothiocyanates to growth of fungal pathogens. A
range of impact was measured, indicating varying toxicity of different
isothiocyanates, and different modes of action. Less volatile isothiocyanates were
intrinsically more toxic, but generally were more efficacious as toxins when allowed
to directly contact organisms rather than be exposed only as vapour.

The earlier work suggested the potential for being able to harness brassicas for
biofumigation, revealed the complexity in type and amount of isothiocyanates likely
to be produced, through the glucosinolate profiles in the range of species, and laid the
groundwork for more detailed studies to enable the biofumigation potential to be
harnessed for beneficial use. It also developed bioassay and analytical techniques that
provided the capacity to better evaluate the biofumigation potential of new lines of
brassicas.

In particular, those techniques offered the capacity to link back to plant breeders to
evaluate parent breeding lines and crosses for biofumigation potential, with the aim of
developing superior types for this purpose. A great proportion of commercial
brassicas have been selected for reduced glucosinolate content in order to enhance
palatability for edible oils (eg. canola) or for livestock grazing (eg. fodder rapes). It
followed, therefore, that there should exist good scope for directing breeding in
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essence the opposite way, to develop lines high in the most appropriate glucosinolates
for maximising biofumigation capacity.

In large part, the research effort in earlier work was directed to determining
benchmark information to establish a sound foundation for future work. It also
specifically set out to engage a broad group of collaborators and associates also
interested in developing rotation, green manure and cover crops for management of
various soil pests and diseases in various production systems. This extended
particularly to broadening the skills base for this complex work by developing
interactions and collaborations with plant breeders and seed companies to help the
process of making the best selections and choices for research, development and
implementation of biofumigation.

Because of this broad interest in extending or enhancing the use or potency of
rotations with the concept of biofumigation, the team conducting the research in this
project took an active role in acting as a focus for coordination of effort. A key aspect
of this coordination, and to enhance technology transfer, was continued production of
the regular newsletter, the ‘Biofumigation Update’ that was instigated very early in
the previous project. The newsletter met with excellent acceptance by industry and its
circulation continued to grow. It was designed to provide information on various
studies being conducted in different areas and cropping systems, as well as to
facilitate networking and direct contact between researchers, growers and consultants.

The core thrust of the work carried out in this project was to further develop
biofumigation to enhance its efficacy through developing practical ways in which
horticultural producers could grow and handle brassicas to optimise biofumigation
effects, and to focus on developing methods to maximise and measure the release of
isothiocyanates from the plants into the soil. In this way it was aimed at providing
growers with more choice in their soil pest management needs and in meeting their
personal production system objectives, while offering potential cost savings and
additional rotation benefits associated with green manuring, and to fit with industry
objectives of securing ‘clean and green’ and sustainable production systems.

18



SECTION 1

Practical aspects of growing brassicas and biofumigation potential
Background

Brassicas are very small-seeded and can present agronomic challenges to growers not
accustomed to dealing with small seeds. In cropping situations brassicas, such as
canola in broadacre, are sown with precision air seeders, or as transplants in vegetable
production. This is impractical for brassicas used as green manure and biofumigant
rotations.

In collaboration with potato farmer Keith Taylor of Vasse near Busselton WA, we
focussed a component of this project on developing practical methods of growing
biofumigant brassicas. Feedback and discussions with many vegetable and potato
growers indicated that this was an important aspect to help or advise growers on.

Methods
Practical growing

Keith sowed several hectares of BQMulch® fodder rape and Fumus® mustard, on both
sandy loam soil and a coarse sand. The loam had a long fertiliser history from
horticulture, whereas the sand was old pasture. The loam had been under sweetcorn
in the previous summer.

Residues of the sweet corn were rotary hoed to break them up in March, and the
ground was irrigated. The winter rainy season began in mid autumn.

Best results were obtained in the sandy loam by mouldboard ploughing in early June
to invert the soil profile. This produced a very clean seedbed, and left the surface
somewhat rough (‘crumb’ — like). About 1-2 weeks later, with rain forecast, the seed
was mixed with double superphosphate in a rotary fertiliser spreader and applied to
the surface. The flow rate was cut right back, and two passes were made in order to
achieve as even a distribution as possible. The seed was applied at around 10 Kg/ha
and the fertiliser at 70 Kg/ha.

Biomass and isothiocyanate measurement

Plots of BQMulch, a mixture of two fodder rape lines (referred to as ‘B’ and ‘C’), and
Fumus mustard were grown in the way described in winter of each year of this project
(2000-2003). In 2000 a plot of BQMulch and Fumus mixed was grown to examine
the biomass of each type, as they have distinctly different ITC profiles and growers
had enquired whether advantages could be gained from a mixture.

In 2000 and 2001 regular samples of plants were taken every three weeks. All plants
in five 0.5 sq m plots were removed, the two components of the BQMulch mixture
were separated by the distinct appearance of their foliage, roots and tops were
separated and the plants dried and weighed.
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Samples of shoot and root tissue were freeze-dried and a method was developed to
analyse them for isothiocyanates (ITCs) directly (see separate section below).
Typically, the biofumigation potential of brassicas had been determined by analysing
the concentration of glucosinolates (GSLs) in the plant tissue. However, this method
requires time-consuming wet chemistry preparation and HPLC analysis. As we had
GC set up to analyse ITCs, as part of HAL project HG98034 (enhanced
biodegradation of metham sodium), there was considerable attraction in developing a
method that analysed directly for the ITCs that arise from hydrolysis of GSLs.

Results and discussion
General observations

The following series of photographs shows the establishment and growth of the
brassicas sown in the way described, for plots sown in winter 2000.

The seed could be seen on the surface of the ground. Following a substantial fall of
rain, the surface smoothed down. Many seeds were lightly buried in the process,
although many also germinated on the surface.

Continued rain and cool weather ensured that the surface never dried, and the soil
remained uncompacted for a lengthy period. The soil has a sufficient clay fraction (8-
12%) that it can pug quite firmly if compressed when wet and be difficult for small-
seeded plants to establish and grow. This combination of factors resulted in excellent
establishment and uniform growth. The wheel tracks from the sowing were followed
during the growing season for four applications of approximately 50 Kg/ha of urea
each.

Growth is typically quite slow initially during mid-winter, but takes off rapidly in
spring. Both the fodder rape and mustard form a dense canopy by early September.
The fodder rape does not flower when planted after about June and in mild conditions,
as it requires a vernalisation chill to initiate that process. Mustard begins to flower in
about late September.

A dense stand of both Brassica types resulted, giving a total biomass of Fumus of
15.7 t dry matter/ha, and of BQMulch of 11.2 t dry matter/ha by early November.
Keith’s conclusion is that on this loamy soil, the most important aspect is achieving a
good seed bed and that there is not need to harrow seeds in.

Incorporation (dealt with in detail below) was typically carried out in the Busselton
environment in the first week of October. At that time, the mustard is about 25%
flowering, the brassicas are still at a stage of lush foliage, without too much
woodiness in the mustard stems. This quickly changes during the period of extremely
rapid growth in October.

Biomass measurements
Figures 1 and 2 show the seasonal changes in biomass of BQMulch in two separate

plots in 2000 (photographs below show plot 4). In 2000 sampling was carried on until
summer to fully chart the growth through until complete maturity.
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Total above-ground BQMulch biomass peaked at around 14 t dm/ha in early
December and then plateaued (Fig. 1). The total plant biomass (shoots plus roots)
peaked at around 15-16 t/ha.

21
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Plot 1 - BQMulch root

Brassica biomass 2000 - BQMulch plots
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components, year 2000 plots, loam soil at Busselton WA.

Plot 2 - Fumus root

Brassica biomass 2000 - Fumus & Fumus/BQMulch mix plots

Plot 2 - Fumus shoot

2000

Seasonal change in biomass of BQMulch plant parts and mixture

18
A
16 16 o
a
14 - 14 - B
12 A 12 4
10 A 10 A n
L4
8+ 8 IS
6 - 6 .
.A.
4 4
2 . 2 “
T feene e a - . “
< A
€ o = T T T T 1 0 T T T T 1
°
s
©
€ 18 Plot 3 - Fumus & BQMulch root 18 Plot 3 - Fumus & BQMulch shoot
;% —u—Total
16 - —o—BgMulch B 16 -
--0--BgMulch C
14 4 -+ 4-- Fumus 14 4
12 A 12 4
10 A 10 A
8+ 8+
6 6
4 4
24 24
e A e mm 0= _
0 e T TR 0 - I o -
T T T ¥ T T T T ¥ T
Aug Sep Oct Nov Dec Jan Aug Sep Oct Nov Dec Jan
2000 2000
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Brassica biomass 2001 - BQMulch & Fumus plots
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Figure 3. Seasonal change in biomass of BQMulch and Fumus plant parts and

mixture components, year 2001 plots, loam soil at Busselton WA.

Fumus biomass also peaked in early December, at around 16 t/ha, with about another
1 t/ha of root biomass (Fig. 2). When BQMulch and Fumus were mixed, the taller
Fumus clearly out-competed the BQMulch and dominated the total biomass (Fig. 2).
It is clear that mixing these two highly Brassica types that are of highly contrasting
growth habit is not a practical way to capture the benefits of both.

The general assessment from observation was that the most practical time to treat or
incorporate the brassicas in the Busselton environment was before they became too
woody or dry in very early October. (All details of incorporation strategy are dealt
with below). Reference to Figs. 1 & 2 shows that at that time the plants had reached
between about 35 and 50% of the maximum biomass achieved.

If the fodder rape is left too long, the lower stems become very thick and hard and are
difficult to break up, while if mustard is left too late into its growth cycle the stems
become very coarse, dry and straw-like, making them very sinewy and difficult to
macerate. Early October coincided with approximately 25% flowering in the Fumus
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mustard.

In 2001, the biomass in the BQMulch and Fumus plots was measured only until early
October when the crop areas were totally mulched and incorporated (detailed below).
Similar biomass levels of around 5 t dm/ha for BQMulch and around 8 t dm/ha for
Fumus were achieved in 2001 as had occurred at the same time in 2000 (Figs.1-3).

Brassica biomass Medina sand - 2002
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Figure 4. Seasonal change in biomass of BQMulch and Fumus plant parts and
mixture components, year 2002 plots, sand soil at Medina WA.
ITC profile and concentration

Using the methodology developed and described in detail in the published paper that

makes up the following section, ITC levels were measured in the shoots and roots of
both BQMulch components and in Fumus.
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Figure 4 shows the general ITC profile of the BQMulch components and of Fumus in
mid October 2000 in the Busselton plots, derived from the mean of samples taken in
all the plots. Both BQMulch components had low levels of 2-propenyl ITC in
comparison to Fumus, which had highest concentrations in the shoots. Fumus was
devoid of any significant quantities of other ITCs except for some 2-phenylethyl in
roots.

BQMulch B differed from BQMulch C principally in containing considerable
quantities of 4-pentenyl ITC. Both had similar levels of 3-butenyl ITC, while
BQMulch C had more 2-phenylethyl in roots, with both BQMulch components having
a greater concentration of 2-phenylethyl ITC in roots than Fumus (Fig. 4).

Average ITC concentrations - plots 1-4. 17 October 2000
BQmulch B

2-Propenyl 3-Butenyl 4-Pentenyl Benzyl 4-MeThiobutyl ~ 2-Phenylethyl

_BQmuichC

Concentration (umole/g)

T T T T
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Fumus [ Root
40 = [ Shoot

T T T T
2-Propenyl 3-Butenyl 4-Pentenyl Benzyl 4-MeThiobutyl ~ 2-Phenylethyl
ITC

Figure 4. Mean concentration of major ITCs in shoots and roots of BQMulch
components and Fumus.
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ITC concentrations of Brassica plants over time - 2000
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Figure 5. Seasonal changes in the concentration of the major ITCs in BQMulch
components and Fumus, for brassicas grown to full maturity — 2000 Busselton plots.

The ITC profile of the shoots and roots of the BQMulch components and Fumus were
measured regularly until full maturity of the plants in 2000. Fumus, the annual
mustard, showed a clear decline in its ITC concentration (dominated by propenyl ITC)
after early October, particularly in the shoots (Fig. 5). Fumus root 2-phenylethyl
concentration was highest very early in plant growth.
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BQMulch showed greater uniformity in its ITC concentrations through the season,
clearly a reflection of the fact that these plants did not become senescent as did Fumus

ITC Concentration (umole/g)

(Fig. 5).

Figure 6. Seasonal changes in the concentration of the major ITCs in BQMulch

ITC concentrations of Brassica plants over time - 2001
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components and Fumus, for brassicas grown only until early October — 2001

Busselton plots.
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ITC concentrations of Brassica plants over time - 2002

BQmulch B Root BQmulch B Shoot

80 80

70 70
60 — 60
50 50
40 40

30+
20 +

T T 0t T f T T T

80 BQmulch C Root 80 BQmulch C Shoot
70 - 70+
5
3 60 60
o
5
2 504 50
=
2
S 40 40
=4
@
o
5 30 30+
o R
O S
E 20 I 20+
.
_—" O,
104 = T 104
o o o /\D\
R a
0 T { T T T 0 s f T T T
Fi Root F hoot
80 umus Roo 80 umus Shoof
—n—2-Propenyl
70 - —o— 3-Butenyl 70
—e-- 4-Pentenyl u
60 | o 4-MethylThiobutyl 60
—-+-- 2-Phenethyl
50 — 50+
40 40 4
30 I —
20
P 10 4
- \.
Fee 0 I
T

Aug ' Sep "oct " Nov Aug T Sep " oct T Nov Dec
2002

Figure 7. Seasonal changes in the concentration of the major ITCs in BQMulch

components and Fumus, for brassicas grown only until early October — 2002 Medina

plots.

Figures 6 and 7 show the same data as Fig. 5, but for the 2001 Busselton and 2002
Medina plots when the growth of the plants was terminated in early October as a
result of mulching and incorporation (discussed in detail below). Generally, the
patterns observed in the equivalent part of the 2000 season were repeated in 2001 and
at the different site in 2002 (Figs. 5, 6 & 7).

Biofumigation potential

The combination of biomass and ITC concentration provides a raw measure of total
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Biofumigation potential (umolr::/m2

crop biofumigation potential per unit area of soil. Figures 8 and 9 show the changes
in biofumigation potential in the BQMulch, Fumus and mixed BQMulch/Fumus plots
over time in 2000 when the crops were grown on into the summer, while Figs. 10 and
11 show it for the BQMulch and Fumus plots from soon after sowing to early October
when incorporation was carried out in 2001 at Busselton and 2002 at Medina.

Brassica biofumigation potential - BQMulch plots 2000
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Figure 8. Raw biofumigation potential for roots and shoots of two BQMulch plots in
2000.

There was a consistent pattern of an early rise in the potential of 2-phenylethyl ITC in
roots, which levelled out in early October. With the exception of 3-butenyl ITC in
roots, which continued to increase for the duration of the crop, the other main ITCs
detected in roots tended to show the same plateau response as 2-phenylethyl ITC (Fig.
8).
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The shoots of BQMulch produced a biofumigation potential similar to that of roots
until about November. The ITCs were principally of 3-butenyl and 4-pentenyl ITC,
with 3-butenyl rising to very high levels late in the period. The BQMulch plants were
still alive in early summer but they had been heavily attacked by insects and their
stems had become very woody. It would be unrealistic to think that plants in this state
were a practical proposition for incorporation treatment (Fig. 8).

Biofumigation potential - Fumus & BQMulch/Fumus mixture plots - 2000
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Figure 9. Raw biofumigation potential for roots and shoots of the Fumus and
BQMulch/Fumus mixture plots in 2000.

Fumus root tissue produced a generally low raw biofumigation potential based on the
ITC analyses, with the main ITCs being 2-propenyl and 2-phenylethyl (Fig. 9). In
contrast, shoot-derived biofumigation potential in Fumus became very high and
reached near peak levels by early October. Shoot biofumigation potential was very
heavily dominated by 2-propenyl ITC. When BQMulch and Fumus were sown as a
mixture, the ITC biofumigation potential was dominated by the Fumus component
(Fig. 9).

In 2001 and 2002, the BQMulch and Fumus plots were incorporated in early October
(discussed below), on the basis that this was the most practical time in terms of
achieving good tissue maceration and minimising coarse plant residues. Figures 10
and 11 show the ITC-based biofumigation potential per unit area of soil from early
growth until termination of the plots for Busselton in 2001 and Medina in 2002.
Relative to Fumus shoots, which produced very high 2-propenyl ITC-based
biofumigation potential, the BQMulch and Fumus roots had a lower potential based
on raw ITC quantity.
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Biofumigation potential - 2001 plots
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Figure 10. Biofumigation potential of BQMulch components and Fumus grown until
early October 2001 when incorporation was carried out — Busselton plots.
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Biofumigation potential - 2002 plots
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Figure 11. Biofumigation potential of BQMulch components and Fumus grown until
early October 2002 when incorporation was carried out — Medina plots.

The following section describes the methodology developed to measure ITCs directly
from plant tissue, instead of the more complex GSL-based procedure.
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Glucosinolate content and isothiocyanate evolution — two measures of the
biofumigation potential of plants
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Abstract

A total of 570 lyophilised Brassica root and shoot tissue samples were hydrolysed and
the liberated isothiocyanates (ITCs) analysed by gas chromatography-flame
photometric detection (GC-FPD). Glucosinolates (GSLs) were extracted from
samples of the same tissues and analysed by high performance liquid chromatography
(HPLC). The concentrations of six GSLs/ITCs, viz: 2-propenyl, 3-butyl, 4-pentenyl,
benzyl, 4-methylthiobutyl and 2-phenylethyl, as determined by the two techniques
were compared. In 79% of the samples, the concentration of the GSLs in the tissues
was greater than that of the ITCs released on hydrolysis. Several possible reasons are
proposed, including the effect of tissue storage time, that the hydrolysis of GSLs was
less efficient than the GSL extraction procedure, or that a proportion of the ITCs
formed react with plant proteins and amino acids in the sample and are therefore not
detected in the extract. GSL concentration in plant tissues is used to estimate the
biofumigation potential of the plant tissue, whereas the actual biofumigation effect is
thought to be due to the ITCs formed by hydrolysis of the plant-based GSLs. The
variation between ITC and GSL values therefore has implications for the assessment
of the biofumigation potential of the plant tissue.

Introduction

Glucosinolates (GSLs) are a class of naturally occurring anionic compounds found in
plants (7), usually as the potassium or sodium salt. They consist of a [3-p-thioglucose
moiety, a sulfate attached through a C=N bond and a side chain that distinguishes one
GSL from another (2). GSLs are hydrolysed by enzymes of the family myrosinase ([3-
thioglucoside glucohydrolase; EC 3.2.3.1) in the presence of water, to yield glucose
and an unstable aglucone, which spontaneously undergoes a Lossen rearrangement to
form an isothiocyanate (ITC) as the major product (2). Myrosinase is stored in
specialised myrosin cells (3, 4). These cells do not contain GSLs, which are located
separately within a variety of plant cells. GSLs and myrosinase come into intimate
contact when the plant tissue is damaged by mechanical stress such as crushing, or
during pathogen attack, with the resultant formation of ITCs.

GSLs have been the subject of much recent attention due to their involvement in the
process termed ‘biofumigation’ (5). In biofumigation, plant-based GSLs are
hydrolysed in field soil to form toxic products including ITCs, thiocyanates, nitriles,
oxazolidinethiones and ionic thiocyanate (2). These GSL degradation products may
exert a suppressive or control effect on a wide range of soil-borne plant pathogens
including wheat take-all fungus (5), root-knot nematode (6, 7), Rhizoctonia solani (8)
and Fusarium oxysporum (9). A comprehensive review of allelochemical effects of
glucosinolate degradation products can be found in Brown and Morra (2).
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Hydrolysis of GSL-containing plant tissue, or pure GSLs isolated from plant tissues,
can be achieved in the laboratory using pure myrosinase isolated from Brassicas such
as white mustard (Sinapis alba) (eg. (10)), in order that reaction conditions can be
well controlled. This hydrolysis reaction has also been performed using endogenous
myrosinase present in lyophilised, ground and rehydrated Brassica plant tissue (71,
12). In the former study, seed meal was wetted and incubated for 10-15 min followed
by extraction using organic solvents (/7).

In the present study, a modified GSL hydrolysis procedure is reported, in which the
hydrolysis and solvent extraction steps are combined. After a simple clean-up
procedure, the hydrolysis products in the organic phase were qualitatively and
quantitatively determined using gas chromatography with a flame photometric
detector (GC-FPD). Molar concentrations of ITCs liberated from the original plant
tissues were calculated, and compared to GSL concentrations determined by high
performance liquid chromatographic (HPLC) analysis of desulfoglucosinolates
extracted from the same plant tissues, a method previously used to assess the
biofumigation potential of Brassica plants (/3). The potential of these two procedures
as indicators of the biofumigation potential of plant tissues is discussed.

Experimental
Reagents and solvents

Propenyl GSL, sephadex, sulfatase and methyl ITC were purchased from Sigma-
Aldrich (Castle Hill, Australia), benzyl GSL was purchased from Merck (Kilsyth,
Australia). All reagents and solvents were used as purchased.

GSL and ITC comparisons

A total of 570 root and shoot tissue samples were taken from Brassica plants grown at
different locations in Australia and New Zealand, freeze-dried and ground (Wiley mill
with Imm screen), and stored (15°C) for different periods. The majority of samples
were taken from mature plants as they began to flower. The GSL content of, and ITC
quantity liberated from, these samples were measured according to the procedures
outlined below, and then compared. Analyses were not replicated. Theoretically, one
mole of GSL has the capacity to produce one mole of ITC under optimal conditions
for the conversion of GSLs to ITCs.

Extraction and analysis of glucosinolates from Brassica tissue samples

Glucosinolates were extracted and analysed according to the procedure of Kirkegaard
and Sarwar (/3). Briefly, freeze-dried and ground Brassica root and shoot material
(300 mg), HPLC grade methanol (10 ml, 70 %, preheated to 70°C) and an internal
standard (15 pul, 16 mM, propenyl glucosinolate or benzyl glucosinolate as
appropriate) were added to 50 ml centrifuge vials. The vials were sealed without
delay, hand shaken and stood in a water bath at 70°C for 20 minutes. The samples
were then agitated briefly, cooled and centrifuged at 3500 rpm for six minutes.

The supernatant (3 ml) was carefully applied to a 0.5 cm plug of A-25 sephadex in 10
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ml poly-prep chromatography columns and the effluent discarded. The sephadex was
washed with milli-Q water (1 ml) followed by sodium acetate (1 ml, 0.02M), with the
combined effluents discarded. Prepared sulfatase (75 ul) was added to each of the
columns, which were then capped and allowed to stand overnight. Subsequently,
milli-Q water (1 ml) was applied to each column and the effluent collected in 1 ml
HPLC vials that were frozen until analysis.

Analysis for glucosinolates was performed using HPLC according to the procedure
given in Kirkegaard and Sarwar (/3) and references therein.

Hydrolysis of Brassica tissue samples and ITC analysis

Ethyl acetate (8 ml), methyl isothiocyanate (MITC, 2 ml, 100 mg 1) in ethyl acetate
(normalisation standard) and deionised water (10 ml) were added to freeze-dried
Brassica root and shoot tissue (200 mg) in 100 ml Erlenmeyer flasks. The flasks were
sealed without delay and placed on an orbital shaking table operating at 150 rpm.
Samples were shaken for 24 h (except for the timed hydrolysis experiment), removed
and allowed to settle. Aliquots (1 ml) of the upper organic layer were drawn off, then
dried and filtered through a plug of anhydrous magnesium sulfate (approx 4 cm) in a
pasteur pipette for analysis by GC.

In order to determine the optimal time for hydrolysis of GSLs to liberate ITCs, a
Brassica plant tissue sample was selected that contained measurable quantities of five
ITC-producing GSLs, viz: 2-propenyl GSL, 3-butyl GSL, 4-pentenyl GSL,
4-methylthiobutyl GSL and 2-phenylethyl GSL (Brassica napus root tissue). Samples
of this plant tissue were shaken with water for a range of time periods, and the amount
of ITC produced was measured, according to the experimental procedure detailed
above.

Isothiocyanates were analysed using a Hewlett Packard 6890 GC equipped with an
FPD in sulfur mode (394 nm). A 30 m x 0.32 mm i.d. wall coated open tubular fused
silica capillary column coated with a 0.25 pm methylsilicone stationary phase (HP-1,
Hewlett Packard) was used at an oven temperature of 50°C. Helium was used as the
carrier gas at a linear velocity of 19 cms™'. The GC oven was programmed from
50-220°C at a rate of 8°C min™' with a 1 min initial hold time at 50°C. Samples for
analysis were injected splitless using a HP 7683 auto sampler.

Results and Discussion
Effect of hydrolysis time on ITC release from Brassica tissue

A total of eighteen GSLs were identified, eleven of which form ITCs on hydrolysis.
Figure 1 shows ITC concentration v shaking (hydrolysis) time for five homologues.
Formation was rapid for the first 6 h for 3-butenyl ITC, 4-methylthiobutyl ITC and
2-phenylethyl ITC, with little or no further ITC formation after this time. For 2-
propenyl ITC and 4-pentenyl ITC, formation was rapid between 5 h and 17 h, with a
further small increase to 24 h. For all of the ITCs, formation was not significant after
24 h, and on this basis 24 h was chosen as a suitable time for hydrolysis of plant tissue
to release ITCs.
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Figure 1. Concentrations versus time for five ITCs produced by the hydrolysis of a
freeze-dried Brassica tissue sample.

Effect of tissue storage time on ITC release

GSL and ITC analyses were not performed at the same time for most of the samples —
GSL analyses were performed first, and the samples freeze-dried and placed in
storage prior to ITC analysis. The time interval between analyses ranged from a few
days up to six years. ITC v GSL concentrations, grouped by the time interval between
the analyses, were plotted to determine whether the time of storage had an effect on
the GSL concentration, as has previously been reported (/4, 15), and hence on the
capacity of the tissue to liberate ITCs on hydrolysis (Figure 2).

As Figure 2 shows, the slopes of the trendlines decrease with increasing storage time.
This suggests that since the time of the GSL analysis, the concentration of GSLs in
the tissue has been decreasing during storage, resulting in lower concentrations of
ITCs formed on hydrolysis of the plant tissue. In order to investigate other causes of
variation between GSL and ITC concentrations, samples that had been stored for
longer than two years (Figure 2d) were removed from the sample set. In these
samples, the effect of storage time was greatest and may therefore mask other causes
of variation.
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Figure 2. Sums of molar concentrations of ITCs produced by hydrolysis of a
Brassica meal versus sums of molar concentrations of GSLs present in the meal for
four time intervals between GSL and ITC analyses. Also shown are the x =y line
(dashed), the trendline (solid) and slope, and the R* values.

Factors influencing GSL abundance and ITC quantities liberated

Plots of the abundances of ITCs liberated by hydrolysis of plant tissue samples and
the GSLs extracted from the same tissues for six GSL/ITC homologues are shown in
Figure 3. Several points are apparent from inspection of Figure 3. First, the position
of the trendlines indicates that in most cases, the molar amount of ITC produced by
hydrolysis is lower than the amount of the corresponding GSL present in the plant
tissues (theoretically, one mole of GSL will produce one mole of ITC). There are
several possible reasons for this, including incomplete hydrolysis of GSLs,
decomposition, volatilisation or reaction of the produced ITCs and the formation of
non-ITC hydrolysis products. Continuation of the hydrolysis procedure for extended
periods (to 96 h) resulted in no decrease of ITC concentration, suggesting that
decomposition was not occurring (data not shown). Opening of the sealed hydrolysis
vessel during the procedure also did not affect the ITC concentration (data not
shown), suggesting that quantities of ITCs present in the flask headspace were not
significant. Analysis by GC-MS of randomly selected hydrolysed samples revealed

41



that significant quantities of organic non-ITC hydrolysis products were not produced
in the procedure used.
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Figure 3. Molar concentrations of ITCs produced by hydrolysis of a Brassica meal
versus molar concentrations of GSLs present in the meal for six ITC/GSL
homologues. Also shown are the x = y line (dashed), the trendline (solid) and slope,
and the R” values.

It is possible that the lower molar amount of ITC produced relative to GSL is due to

incomplete hydrolysis, and was unaffected by extending the time period of hydrolysis.
In plant tissue, GSLs and myrosinase are stored in separate intact cells (2), and come
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into contact when cells are damaged to effect the hydrolysis reaction. The shaking
method used in this study is fairly gentle and may not be causing all of the GSL
present in the plant tissues to come into contact with myrosinase in order to be
hydrolysed. GSLs are reported to occur in cell vacuoles, and they are probably
distributed in a variety of cell types (/6), so it is possible that some GSLs are in cells
that are not damaged by the hydrolysis procedure used here, but are recovered in the
GSL extraction procedure used.

Another possible reason for the lower molar amount of ITC produced relative to GSL
lies in their reactivity with proteins and amino acids. ITCs interact irreversibly with
sulthydryl groups, disulfide bonds and amines (2), and may react with such functional
groups present in the proteins of the same plants from which the ITCs themselves are
produced.

A second point clear in Figure 3 is that the trendlines (ie. the ratios of ITCs to GSLs)
are different for different homologues. The slope of the trendline for 3-butenyl of
0.76 was the highest of the six homologues, indicating that the biofumigation
potential of this compound as determined by GSL quantification most closely matches
the actual amount of toxic ITC produced by hydrolysis of the GSL. The slopes for
2-propenyl, 4-pentenyl and 2-phenylethyl were all slightly lower (in the range 0.63-
0.67) suggesting a lower correlation between biofumigation potential measured by
GSL concentration and toxic ITC production. The slope for 4-methylthiobutyl (0.34)
suggests that the actual biofumigant effect of this compound in soil would be much
lower than that predicted from the GSL concentration in plant tissue. Only 26 of the
570 samples yielded benzyl on hydrolysis, so this homologue is not considered
further.

There are several possible explanations for the apparent differences in the efficiency
of hydrolysis for different GSL homologues. ITCs in different parts of plants may be
exposed to different amounts of proteins and/or amino acids, with which they may
react. There may be differences in the activity of myrosinase, the enzyme responsible
for hydrolysing GSLs to ITCs, towards different GSLs. Different GSLs may form
different amounts of other hydrolysis products, including nitriles and thiocyanates, as
well as isothiocyanates. Further research is necessary to identify the causes of the
difference in efficiency of ITC release between different GSLs.

Another point apparent from inspection of Figure 3 is the variability in the
relationship between GSL and ITC values. While there are relatively few samples in
which the ITC value is higher than the GSL value, a considerably larger number
exhibit significantly lower (a factor of five or greater) ITC values than GSL values.
Several factors were examined to determine whether they had an impact on the
variation between GSL and ITC values (aside from tissue storage time as discussed
earlier): GSL/ITC composition of the tissue (single component v multi-component),
tissue type (root v shoot) and growing season (spring v autumn). No significant
GSL/ITC variability was observed for growing season, however, the absolute amounts
of GSLs/ITCs in spring crops were approximately double those in autumn crops.

Comparison of root v shoot tissues revealed an apparently lower efficiency of
formation of ITCs from GSLs in shoot tissue than from root tissue for the 3-butenyl
and 4-pentenyl homologues. This may be due to reasons discussed earlier, including
GSLs being present in different cell types in roots and shoots, or the presence of
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higher levels of proteins or amino acids in shoot than in root material, that react with
the liberated ITCs.
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Figure 4. Molar concentrations of ITCs produced by hydrolysis of a Brassica meal
versus molar concentrations of GSLs present in the meal for three ITC/GSL
homologues, differentiated into samples containing > 95% of a single GSL and
samples containing mixtures of GSLs. Also shown are the x = y line (dashed), the
trendline (solid) and slope, and the R? values.

To compare GSL/ITC values for a given compound in single component and multi-

component tissue samples, samples were identified in which a single compound
comprised greater than 95% of the GSL/ITC concentration. Three of the six
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compounds, viz 2-propenyl, 4-methylthiobutyl and 2-phenylethyl GSL, accounted for
greater than 95% of the total GSLs present in some (approx. 5%) of the tissue samples
examined. ITC v GSL concentrations for these tissue samples, and for the same
compound in tissues containing a mixture of GSLs/ITCs, for each of these three
compounds were plotted (Figure 4). For all three homologues, the slope of the
trendline for the homologue in samples containing only (ie. > 95%) that homologue
was lower than the slope of the trendline for the homologue in samples containing
more than one homologue (2-propenyl 0.64 v 0.76 respectively, 4-methylthiobutyl
0.34 v 0.55, 2-phenylethyl 0.32 v 0.64). This suggests that the hydrolysis is less
efficient in samples with only one GSL homologue, regardless of what the actual
homologue is. However, due to the small number of samples containing only one
homologue, it is unclear whether this observation represents a real trend (Figure 4).

Differences between the molar amounts of ITCs released by hydrolysis and the molar
amounts of GSLs present in the plant tissue may reflect factors inherent to some
plants that restrict the availability of some GSLs for hydrolysis. This may partly
explain some of the anecdotal reports from growers of inconsistencies in the actual
biofumigation effect of some plants as observed in the field, although variation in the
level of tissue disruption in the soil incorporation process may also be a significant
factor.

The variability between concentrations of GSLs in tissues and ITCs liberated from the
same tissues has implications for the assessment of the biofumigation potential of
Brassica tissues. To date, the biofumigation potential of Brassica has been
determined by quantitative analysis of the GSL concentrations in the plant tissue (/3,
17). However, there are numerous methods for analysing the individual GSL
concentrations in plant tissue (/8) and these may have varying degrees of efficiency
of extraction of GSLs from the plant tissue.

If hydrolysis of GSLs in any given Brassica species is less 'efficient' than others (ie.
the percentage of GSL present that is converted to ITC is lower) then the actual
biofumigation action of the plant may be lower than that predicted on the basis of
GSL abundance alone. Further investigation is required to identify the reasons for
this variability.

The hydrolysis procedure described here is a simple and rapid method of degrading
GSLs in plant tissue to liberate ITCs. Quantitation of the liberated ITCs provides an
additional method of assessing the biofumigant capability of plants, aside from the
more commonly used method of determining the GSLs present in the plant tissue.
Analysis of biofumigant plant tissue using both techniques employed here may
provide a more accurate method of assessing biofumigation potential than by GSL
analysis alone. It should be noted, however, that this study utilised only freeze-dried
plant material, as many of the samples were grown in different parts of Australia and
New Zealand for a variety of purposes and fresh samples were unable to be obtained
in many cases. This study has not attempted to compare hydrolysis of freeze-dried
and fresh tissue samples, an important factor in assessing actual biofumigation
potential.
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SECTION 2

Maximising isothiocyanate release into soil
Background

It has long been known from laboratory studies that disruption of Brassica tissue was
needed to bring GSLs into contact with myrosinase enzyme to result in the release of
ITCs. Conventional wisdom tended to assume that ‘incorporation’ of brassicas to
achieve ITC release in the field could simply be rotary hoeing of whole plants.

However, studies by colleagues Matthew Morra of the University of Idaho and John
Kirkegaard of CSIRO Plant Industry in Canberra, carried out while Matt Morra was
on a GRDC Visiting Scientist Fellowship in Australia in 2000/01, cast new light on
this issue. Their work was a watershed in stimulating consideration of new
approaches to how ITC production and release into soil could be maximised in the
field. This aspect became a significant part of the work in this project.

Because of its importance, their paper is included in this report.
Briefly, the Morra and Kirkegaard work showed two key aspects:

1) the importance of disrupting tissue at the cellular level to maximise the
formation of ITCs. This was revealed by the vast increase in ITC release
following freezing and thawing of Brassica tissue, as opposed to just
cutting it.

i) the importance of moisture additional to that derived only from the plant
tissue in enhancing the amount of ITC, and in reactivating ITC release
from tissue after time.

At the time that the Morra and Kirkegaard studies were being carried out, and during
the first year of this project in 2000, this project’s team was working on analytical
methods for measuring ITCs in soil. Preliminary field sampling of soil around
Brassica roots was carried out during spring 2000 in the BQMulch and Fumus plots
grown in winter-spring 2000.

The plots grown in 2001 were the primary ‘test bed’ of radical changes to methods
used for treating the plants and either incorporating them, or developing techniques
for maximising the transport of ITCs into the soil.

Plots grown in 2002 were used to validate the key techniques developed in 2001 in the
loam soil at Busselton, WA and to extend the measurement of ITCs in soil after
treating brassicas in various ways to the coarse sandy soils typical of the Swan coastal
plain near Perth, WA.
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Abstract

Isothiocyanates (ITCs) released from glucosinolates in Brassicaceous residues are
thought to suppress soil-borne plant pests, however little is known about ITC
formation in soil. We conducted field and laboratory studies to determine the
concentration and pattern of ITC production in soil following incorporation of
rapeseed (Brassica napus L.) and Indian mustard (Brassica juncea Czern. & Coss).
After tissue incorporation, ITC was extracted from soil with methanol, derivatized and
quantified using HPLC. Maximum ITC concentrations near 1.0 nmol g soil were
measured immediately after tissue incorporation, with little production detected after
4 d. Only 1% or less of the ITC predicted from tissue glucosinolate concentrations
was measured in soil amended with tissues of high glucosinolate rapeseed or mustard
varieties. Tissue disruption at the cellular level afforded by freezing and thawing the
tissues, resulted in maximum ITC concentrations ranging from 40 to 75 nmol ITC g’
soil, thus increasing I'TC release efficiencies to 14 and 26 %. Our work indicates that
soil-borne pest suppression is likely to be improved by choosing a high glucosinolate-
containing variety of rapeseed or mustard and providing adequate moisture to increase
ITC release and soil retention. However, the greatest improvements in the use of
Brassica biofumigants to control soil-borne plant pests will be achieved by focusing
on methods to increase cell disruption thereby maximising glucosinolate hydrolysis
and ITC release.

Introduction

50



Concerns associated with the use of synthetic pesticides encourage the development
of alternative strategies for pest management. Glucosinolate-containing plants in the
Brassicaceae family represent a potential source of allelochemic control for a variety
of soil-borne pests (Fahey et al., 2001). Numerous studies have demonstrated the
broad biocidal activity of glucosinolate hydrolysis products (Brown and Morra, 1997).
Enzymatic hydrolysis of glucosinolates by myrosinase (thioglucoside glucohydrolase
E.C. 3.2.3.1) produces ITCs, oxazolidinethiones, ionic thiocyanate (SCN’) and
organic cyanides in pathways controlled by glucosinolate chemistry and reaction
conditions (Larsen, 1981). ITCs are generally regarded as the most toxic products of
glucosinolate hydrolysis.

ITCs interact with protein (Kawakishi and Kaneko, 1985) and are thus general
biocides inhibiting a wide variety of plant pests (Brown and Morra, 1997). They are
used as commercial pesticides in either pure form or produced in soil from an
amended precursor (Ware, 2000). Observed pest suppression by glucosinolate-
containing plant tissues, a process termed biofumigation (Angus et al., 1994), is
assumed to result from ITCs and possibly other allelochemicals produced from
glucosinolates within the tissues.

Recent research has focussed on a systematic approach to improving the
biofumigation potential of Brassicaceous amendments by identifying high
glucosinolate species and cultivars with appropriate agronomic attributes (Fig. 1).
This has led to a better understanding of the types, concentrations and distribution of
the glucosinolates in different species, cultivars and plant parts (Kirkegaard et al.,
1998). Maximum potential ITC release upon tissue disruption can be estimated when
identities and concentrations of glucosinolates in plant tissues are known along with
the respective amount of biomass (Fig.1). The relative toxicity of different
glucosinolate hydrolysis products is also important in maximising the likelihood of
effective pest suppression (Sarwar et al. 1998; Borek et al., 1998).

Research indicates however, that ITC formation from incorporated fresh B. napus
tissues is less than 5 % of what is predicted by assuming complete conversion of
glucosinolate to ITC (Gardiner et al., 1999). Likewise, only a small fraction of the
glucosinolate from soil-incorporated B. juncea leaves was measured as propenyl ITC
in headspace gas samples (Bending and Lincoln, 1999). This low efficiency of
glucosinolate conversion to ITC has led to absolute amounts of isothiocyanate
considerably less than those recommended for synthetic fumigants (Brown et al.,
1991).

This has raised questions about the role of ITCs in biofumigation, leading Bending
and Lincoln (1999) to suggest that other volatile S compounds were likely to be as
important in pest control as ITCs. Improving the efficacy of biofumigant crops and
making the link between glucosinolate content of the plant and pest suppression
requires a more fundamental understanding of the pattern of release of ITCs in soil
and the factors influencing release efficiency (Fig. 1).
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Figure 1.- Theoretical approach in optimizing the use of glucosinolate-containing plants as sources of isothiocyanates for controlling
soil-borne plant pests.
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Our objectives were to determine the pattern of release of ITCs in soil following
incorporation of two common Brassica biofumigant crop species and to identify the
factors influencing the efficiency of ITC release. Factors considered included the type
and concentration of glucosinolates in the incorporated tissues, soil water content and the
degree of tissue disruption during incorporation.

Materials and methods

Two field experiments were carried out at the Ginninderra Experiment Station near
Canberra, Australia (35°12” S; 149°06° E: 600 m a.s.l.). The soil has a fine sandy loam
texture in the surface horizon and is a Yellow podzolic (GN 3.85, Northcote et al., 1971).
The surface 10 cm has a pH of 5.9, EC of 85 uS cm™ and a CEC of 64 meq kg”. It
contains 14 g total carbon, 1.1 g total N and 100 mg total S kg™ soil.

Field experiment 1 - ITC release by two commercial biofumigant crops

Two commercial biofumigant crops, FUMUS (B. juncea) and BQMulch (B. napus/B.
campestris) were selected for high biomass and high tissue glucosinolate content. For
simplicity, BQMulch will be consistently referred to as the high glucosinolate B. napus
variety. The crops were sown on April 28, 2000 in individual plots of 6 m x 2 m
arranged in a randomised complete block design with 4 blocks. The crops were sown at
5 kg ha™! with starter fertiliser (20 kg N, 18 kg P and 16 kg S ha™) and later top-dressed
with 50 kg N ha™ as urea to ensure vigorous growth. Unsown fallow plots were included
in the experiment as controls for ITC measurement.

On October 2, when the plants were in the early flowering stage, 0.4-m” quadrats of
plants including roots down to 0.15 m were removed from each plot for biomass and
glucosinolate analysis. The plants were taken immediately to the laboratory where they
were washed, separated into root and shoot and sub-sampled for glucosinolate
concentrations and biomass.  Following sampling, the biofumigant crops were
incorporated into the soil to a depth of 10 cm using two passes of a rotary hoe followed
by one pass of a rubber-tyre roller to consolidate the soil prior to sampling. The soil was
sampled for ITC 24 and 72 h after incorporation using the method described below.

Field experiment 2 - ITC release from shoots of biofumigant crops differing in
glucosinolate type and concentration

The two high glucosinolate commercial biofumigants used in the first experiment and
two additional low glucosinolate breeding lines CSIRO-651 (B. juncea) (CSIRO Plant
Industry) and H103d (B. napus) (Wrightson Seeds) were used in the second experiment.
Each crop was sown in plots 6 m x 2 m in a completely randomised block design with
four blocks adjacent to Experiment 1. An unsown fallow plot was maintained free of
plants adjacent to each sown plot so that shoot tissues could be cut and transferred to the
fallow plots for incorporation. On October 10, when the B. juncea lines were in full
flower and the B. napus lines were in early flower, plant quadrats for biomass and
glucosinolate analysis were removed as in Experiment 1. The remaining shoot material
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was cut at ground level and placed evenly by hand onto the adjacent fallow plots at a rate
of 7 kg wet biomass m™>. The shoot material was then incorporated as in Experiment 1.
Soil was sampled from the 0- to 10-cm layer 2, 24, 48 and 72 h after incorporation and
ITCs were measured using the method described below. Rain (11.2 mm) fell on the site
between the 48- and 72-h sampling times.

Field sampling and ITC extraction

Soil from each plot was sampled to a depth of 10 cm using a 32-mm internal diameter
sampling tube at 10 random locations in each plot. The 10 samples from each plot were
placed in a sealed plastic bag and mixed prior to the removal of a 10-g subsample
(avoiding plant tissues) for ITC analysis. ITCs were extracted by adding the 10-g soil
subsample from each bag to 10 ml of cold methanol in a polypropylene centrifuge tube.
The sample was shaken at room temperature for 1 h and centrifuged for 10 min. A 4-ml
aliquot of the methanol extract was removed from the centrifuge tube with a 5-ml glass
syringe. The methanol extract was passed through a 0.2-um syringe filter (25 mm
Millex-GN, non-sterile, nylon) to obtain approximately 2 ml of clear filtrate. This filtrate
was used in an ITC derivatization procedure (see below).

Laboratory experiment to determine the effect of soil water content and tissue disruption
on ITC release from B. juncea leaves

A laboratory experiment was conducted using surface soil (0-10 cm) collected from the
same field site as above. A leafy vegetable mustard (B. juncea) known to contain high
concentrations of leaf glucosinolate was obtained from the Asian Vegetable Research and
Development Center, Taiwan and grown in the glasshouse in pots containing a peat/sand
mix with complete fertiliser to ensure healthy growth. Several plants were grown to
provide a large number of uniform leaves that could be utilised in the experiment. On the
day of soil incorporation, leaf disks 37 mm in diameter were removed from opposite
sides of the midrib of leaves selected from plants that were at a similar phenological
stage. Half of the disks were frozen at -19°C to provide a treatment to investigate the
impact on ITC release of maximum tissue disruption (upon thawing). One leaf disk,
frozen or fresh, was placed in the bottom of a 100-ml screw-top bottle and covered with
10 g of dried, sieved (2 mm) soil collected from the field site. Sufficient water was then
added to the soil in half of the bottles to produce a moisture content equivalent to that
present at soil suctions of —32 kPa. A larger volume of water was added to soil in the
remaining bottles to produce waterlogged soils with a water film visible on the soil
surface. Additional frozen leaf discs were retained for glucosinolate analysis. The
bottles were stored tightly capped at 19-22°C and three replicate bottles of each of the
four treatments (fresh, -32 kPa; frozen, —32 kPa; fresh, waterlogged; frozen, waterlogged)
were sampled at 2, 24, 48, 96 and 120 h for ITC concentration. To measure soil ITC
concentrations, 10 ml of methanol was added directly to the bottles, the leaf tissue was
carefully removed from the soil within 15 s and the remaining soil was shaken for 1 h
prior to performing ITC analysis as described below.
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Tissue glucosinolate analysis

All shoot and root tissue samples were freeze-dried, ground using a Wiley mill with a 1-
mm screen, weighed and stored in sealed bottles at -20°C prior to glucosinolate analysis.
Glucosinolates from 300 mg of freeze-dried tissue were extracted and transformed to
desulphoglucosinolates according to the method of Magrath et al. (1993) with
modifications according to Kirkegaard and Sarwar (1998). The desulphoglucosinolates
were then separated and quantified using the HPLC method described in detail by
Kirkegaard and Sarwar (1998). Peaks were identified using pure standards either
purchased (2-propenyl glucosinolate, Sigma, St Louis, MO USA; benzyl glucosinolate,
Canola Council of Canada, Winnipeg, Canada) or kindly provided by Dr. R. Mithen,
John Innes Centre, Norwich U.K. and Dr. R. Wallsgrove, Rothamsted U.K.

Soil ITC analysis

Our procedure for isothiocyanate measurement was based on the reaction of ITCs with
vicinal dithiols to produce cyclic condensation products amenable to spectroscopic
analysis. 1,2-Benzenedithiol (BDT) reacts readily and quantitatively with all but tertiary
ITCs. The cyclic condensation product 1,3-benzodithiole-2-thione is stable and amenable
to ultraviolet spectrometric detection at 365 nm (Zhang et al., 1992; Zhang et al., 1996).

ITCs were derivatised by adding a 600-puL subsample of the methanol extract containing
ITC to 1-mL Chromacol HPLC autosampler vials (8 x 40 mm) containing 600 puL of 100
mM K,HPO, buffer (pH 8.6) and 200 pL of a 35 mM 1,2-benzenedithiol/1%
mercaptoethanol solution. Vials were capped (Chromacol, teflon-lined caps) and
inverted several times to mix the contents. The samples were incubated at 65°C in a
water bath for 1 h, and following removal, stored in the freezer prior to HPLC analysis.

ITCs were quantified using an HPLC with a Waters 600 System Controller, 717
autosampler and 486 UV/Vis detector set at 365 nm. The HPLC was equipped with a
Waters 3.9 x 150 mm Nova-Pak C18 (4 pm) column and precolumn. The pump was
operated isocratically at 1 ml min" using 90% methanol as an eluent. The injection
volume was adjusted from 10 to 50 pl (based on sample ITC concentration) and the run
time was 3 min. A calibration curve was constructed using derivatized phenylethyl
isothiocyanate as an external standard.

Calculating ITC release efficiency

The efficiency of ITC release in different treatments was determined as the maximum
ITC concentration detected in the soil as a proportion of the potential ITC present in the
incorporated plant tissue (estimated from glucosinolate concentration and biomass
assumming stoichiometric conversion). A soil bulk density of 1.4 g cm™ was assumed in
all calculations.
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Table 1. Type, concentration and total amount of ITC-liberating glucosinolates in the tissues of incorporated Brassica biofumigant crops,
and the amount and efficiency of ITC release in the soil following incorporation of the entire plant. Standard errors for each respective
mean are included in parentheses.

Species Biomass (g m™) Glucosinolate (umol g™ tissue)” Potential ITC Actual Release
(nmol g soil)>  ITC (nmol g efficiency
soil)® (%)°
2- 3- 4- 2- Total

Propenyl Butenyl Pentenyl Pheneylethyl

B.juncea  Shoot

800 (38) 16 (1) 0 0 0 16(1.0) 89 (6.0)

Root

134 (4) 10 (1) 0 0 14(1.5) 24(1.5) 24 (2.0)

Total 112 (7.0) 1.2 (0.09) 0.9 (0.08)

B. napus Shoot

544 (122) 0 8(0.5) 12(0.5) 0 20(0.5) 75 (15.0)

Root

123 (11) 0 5(0.5) 4(0.1) 6(0.5) 15(0.5) 13 (1.5)

Total 88 (13.0) 0.8 (0.2) 1.0 (0.08)

“Concentration of ITC-liberating glucosinolates in freeze-dried tissue.

® Shoot, root and total plant ITC-liberating glucosinolates expressed in nmol g™ of soil assuming incorporation to 10 cm and a soil bulk
density of 1.4 g cm™.

¢ Maximum soil ITC concentration detected during the experiment.

4 Percentage of the potential plant ITC incorporated that was detected in soil (Actual ITC + Potential ITC x 100).
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Table 2. Type, concentration and total amount of ITC-liberating glucosinolates in the incorporated shoot tissues of high and low
glucosinolate-containing biofumigant crops, and the amount and efficiency of release of ITCs in the soil following incorporation of the
shoot tissues only. Standard errors for each respective mean are included in parentheses.

Species/ Shoot Shoot Glucosinolate (umole g™ tissue)* Potential Actual ITC Release
glucosinolate biomass biomass ITC (nmol (nmol g! efficiency
level (gm?  (ww%) g soil)” soil)* (%)°
2-Propenyl 3-Butenyl 4-Pentenyl Total

B. juncea

Low 1211 0.86 1.5 (0.5) 2.0 (0.50) 0 3.5(1.0) 29.8 (8.8) 0.5 (0.20) 1.6 (0.20)

(25)

high 999 (23) 0.71 20.1 (3.3) 0 0 20.1(3.3) 145.0(27.1) 0.9 (0.20) 0.6 (0.10)
B. napus

Low 879 (32) 0.63 0 0.4 (0.07) 0.2 (0.03) 0.7 (0.1) 4.3 (0.8) 0.2 (0.05) 4.2 (1.90)

high 798 (34) 0.57 0 8.7 (1.00) 6.4 (0.30) 15.2 (1.2) 86.1 (7.1) 0.7 (0.03) 0.8 (0.04)

“Concentration of ITC-liberating glucosinolates in freeze-dried tissue.

® Shoot, root and total plant ITC-liberating glucosinolates expressed in nmol g of soil assuming incorporation to 10 cm and a soil bulk

density of 1.4 g cm™.

¢ Maximum soil ITC concentration detected during the experiment.
4 Percentage of the potential plant ITC incorporated that was detected in soil (Actual ITC + Potential ITC x 100).
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Release efficiency =

Maximum soil ITC concentration (nmol g soil)

x 100
Total ITC-liberating glucosinolate in incorporated plant material (nmol g soil)

Results
Field experiment 1 - ITC release by two commercial biofumigant crops

B. juncea contained 2-propenyl glucosinolate in the shoots and 2-propenyl and 2 phenylethyl
glucosinolate in the roots (Table 1). B. mapus contained 3-butenyl and 4-pentenyl
glucosinolate in the shoots and 3-butenyl, 4-pentenyl and 2-phenylethyl glucosinolate in the
roots. More ITC was potentially available from B. juncea tissues incorporated into the soil
(112 nmol g soil) than B. napus tissues (88 nmol g soil). However, measured soil
isothiocyanate concentrations were near 1 nmol g soil thus indicating a release efficiency for
both species of approximately 1 % (Table 1). ITC concentrations were highest at 24 h,
dropping to less than half of the maximum in 72 h (Fig. 2).

Isothiocyanate (nmol g soil)

| |B. napus
B 5. juncea

Figure 2. Extractable ITC concentrations determined in soil after the field incorporation of
high glucosinolate B. napus and B. juncea biofumigant crops. Standard errors are shown for
each respective mean.



Field experiment 2 - ITC release from shoots of biofumigant crops differing in glucosinolate
type and concentration

2-Propenyl and 3-butenyl were the dominant glucosinolates in the low glucosinolate B. juncea
(Table 2). The high glucosinolate B. juncea contained 2-propenyl glucosinolate in a
concentration almost six times that of the low glucosinolate variety. Both B. napus varieties
contained 3-butenyl and 4-pentenyl glucosinolate with the high glucosinolate variety having
over 20 times the glucosinolate concentration of the low variety. Total glucosinolate
contributed to the top 10 cm of soil following tissue incorporation could potentially produce
about 30 and 145 nmol ITC g soil for the low and high B. juncea varieties, respectively.
Potential isothiocyanate from incorporated B. napus tissues was estimated as 4 and 86 nmol
isothiocyanate g™ soil for the low and high glucosinolate varieties, respectively (Table 2).

Trends showed higher isothiocyanate concentrations in those soils to which high
glucosinolate-containing tissues were amended, but the difference was only significant (P <
0.05) for B. napus (Table 2). Maximum ITC concentrations measured in soil extracts did not
exceed 1.0 nmol g soil for all four varieties. Release efficiency of ITC from precursor
glucosinolates ranged from 0.64 % for high glucosinolate B. juncea to 4.23 % for the low
glucosinolate B. napus. ITC release efficiency was higher in each respective species for the
lower glucosinolate variety (Table 2).

Maximum ITC release was measured at the first sampling 2 h after tissue incorporation (Fig.
3). ITC concentrations decreased after the initial sampling and reached a minimum at 48 h.
The rain (11.2 mm) that fell between the 48- and 72-h sampling may have caused the
observed increase in soil ITC that was detected at 72 h. The increase was especially large for
the high glucosinolate B. napus variety and the low glucosinolate B. juncea variety resulting
in ITC concentrations almost as high as those determined at 2 h (Fig. 3).

Laboratory experiment to determine the effect of soil water content and tissue disruption on
ITC release from B. juncea leaves

Fresh B. juncea leaf tissues added to soil produced extractable ITC concentrations less than 1
nmol g soil during the 120-h incubation (Fig. 4). This compares to a potential ITC
concentration of 284.4 nmol g soil as predicted assuming complete conversion of 2-propenyl
glucosinolate (39.1 umol g™ tissue) in the added tissue (0.072 g) to propenyl ITC (Table 3).
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Isothiocyanate (nmol g soil)

—+— B. juncea - low
—@— B. juncea - high
—&— B. napus - high
—&—— B. napus - low

Figure 3. Extractable ITC concentrations determined in soil after the field incorporation of B.
napus and B. juncea shoot tissues with low and high glucosinolate concentrations. Standard
errors are shown for each respective mean.

Table 3. Maximum extractable concentrations and calculated release efficiencies of ITC
produced in 10 g soil amended with 0.072 g (dry weight) of fresh or frozen B. juncea leaf
tissue. Standard errors for each respective mean are included in parentheses.

Tissue Soil Maximum soil ITC Release
treatment water (nmol g”' soil) efficiency (%)*
Fresh -32 kPa 0.092 (0.034) 0.03
Fresh waterlogged 0.193 (0.049) 0.07
Frozen -32 kPa 38.9 (9.100) 13.7
Frozen waterlogged 75.0 (22.00) 26.4

* Release efficiencies calculated using a glucosinolate concentration of 39.1 umol g™ of tissue
(dry weight).

In contrast, freezing the tissues prior to incubation produced a large flush in ITC formation
that was measured during the initial 2-h sampling. This resulted in an increase in release
efficiency from 0.032 % for the —32 kPa, fresh and 0.068 % for the waterlogged, fresh
treatments to 14 % for the —32 kPa, frozen treatment and 26 % for the frozen, waterlogged
treatment (Table 3). Extractable ITC concentrations from the frozen tissues quickly dropped
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to near 1 nmol ITC g™ soil at 24 h and beyond. Trends for greater ITC formation with wetter
soil appear in both the fresh and frozen treatments, but differences between waterlogged and —
32 kPa treatments in each respective pair of samples are not significant (P > 0.05).

Discussion

A flush in ITC occurred immediately after tissue incorporation into soil because cell
membranes were broken during plow down. ITC production from leaf disks incorporated into
10-g soil samples was more constant since the disks were cut prior to soil incorporation.
Freezing caused extensive cell membrane disruption and thus permitted greater contact
between glucosinolates and the enzyme myrosinase, the enzyme that catalyzes glucosinolate
hydrolysis to ITC. The flush in ITC from frozen tissue correspondingly was much more
dramatic (Fig. 4). The drop in the extractable ITC concentration after this initial sampling is
likely to have occurred because the ITC functional group reacts with nucleophilic functional
groups present in soil organic carbon (Borek et al., 1995). The secondary release of ITC that
occurred at 72 h in the field experiment with B. juncea and B. napus shoots may have been a
function of precipitation and the associated increase in soil moisture (Fig. 3). This is
consistent with laboratory experiments involving B. juncea tissues in which we observed a
trend for higher ITC concentrations in wetter soils (Fig. 4). Additional moisture could
conceivably increase extractable ITC by increasing the amount of water available for
glucosinolate hydrolysis, promoting tissue degradation and leaching more ITC out of the
tissue. In addition, increased soil moisture content would also serve to decrease the loss of
volatile ITCs.

It is difficult to compare the current results on timing of ITC release with previous studies due
to experimental differences. Gardiner et al. (1999) extracted ITC from field soils to which
two B. napus varieties were incorporated and showed that maximum ITC concentrations
occurred at 30 h dropping off by 75% of this maximum at 72 h. Bending and Lincoln (1999)
reported maximum ITC concentrations in headspace samples above a sandy loam soil with
added B. juncea tissues at 96 h, although measurements were not initiated until 48 h.
Analysis of residual glucosinolate within the B. juncea tissues showed that most of the
glucosinolate was gone in 6 d and additional ITC production was therefore unlikely.

Collectively our data along with previous investigations indicate that most of the ITC will be
released within the first 4 d after tissue incorporation. The exact timing of this release will
vary based on soil chemical and physical characteristics, temperature and moisture. ITC
concentrations decreased rapidly and thus any pest control will most likely occur as a result of
this initial flush although ITC release during plant growth may play a role. Rapid dissipation
is consistent with previously reported half-lives of 20 to 60 h for propenyl ITC in six soils
having different physical and chemical characteristics (Borek et al., 1995).

Maximum extractable ITC concentrations as determined here in field experiments with B.
napus and B. juncea were near 1 nmol g’ soil. Gardiner et al. (1999) also measured
maximum ITC concentrations of 1 nmol g soil in field experiments involving a plowdown of
B. napus. Similarly, Bending and Lincoln (1999) noted that extractable ITC concentrations in
laboratory soils with added B. juncea tissue were below their analytical detection limit of 2
nmol g soil.
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Isothiocyanate (nmol g soil)

—— Field capacity
—@— Waterlogged
—a—— Field capacity - frozen
—&— Waterlogged - frozen

Figure 4.- Extractable ITC concentrations determined in soils of two different moisture
contents after the laboratory incorporation of fresh or frozen B. juncea tissues.

In contrast to our data showing that shoot glucosinolates release a substantial proportion of
the total measured ITC (Tables 1 and 2), Gardiner et al. (1999) reported that B. napus roots
produced nearly all of the detected ITC. This is a consequence of the different B. napus
varieties and their respective root and shoot glucosinolate concentrations. The roots of
varieties used by Gardiner et al. (1999) contained two to nearly three times the glucosinolate
concentration (14 and 21 pmol g tissue) of the shoots (<8.0 pmol g). In contrast, we used a
high glucosinolate B. napus variety that contained more glucosinolate in the shoots (20 pmol
¢! tissue) than the roots (15 pmol g™ tissue) (Table 1).

Although the exact concentration of ITC necessary for pest control will vary with the ITC,
soil and plant pest it is helpful to use the recommended rate of commercially available methyl
isothiocyanate application as a reference point for gauging potential efficacy. Calculated
values for soil sterilization using methyl isothiocyanate range from 517 to 1294 nmol g soil
(Brown et al., 1991). More specific work indicates that methyl isothiocyanate addition of 182
nmol g soil is necessary to obtain an LCy for larvae of the black vine weevil (Otiorhynchus
sulcatus (F.)) (Borek et al., 1997). Thus although pest suppression is possible at ITC
concentrations near 1 nmol g'l soil, increased concentrations are most likely necessary for
effective pest control.

Such an increase in ITC formation seems possible given the low percentage of glucosinolates

actually released as ITCs in soil. Release efficiencies of ITC from tissues of high
glucosinolate varieties coarsely incorporated into field or laboratory soils were 1% or less
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(Tables 1 and 2, Fig. 4). In marked contrast, more thorough tissue disruption at a cellular
level afforded by freezing the tissues increased release efficiencies to 14 and 26 % (Table 3).
The resulting maximum ITC concentrations of 40 to 75 nmol ITC g soil are much nearer the
application rates expected to have a pesticidal effect. Pest suppression is even more likely
given the fact that the reported values are commercial ITC application rates, not extractable
concentrations, and complete soil sterilization may not be necessary for pest suppression.

If we assume that ITCs contribute significantly to the pesticidal activity of Brassica tissues,
our work indicates that soil-borne pest suppression will be improved by choosing a high
glucosinolate-containing variety and providing adequate moisture to promote ITC release and
soil retention. However, the major factor limiting potential pest suppression is ITC release
from the tissues (Fig. 1). The greatest improvements in the use of Brassica biofumigants to
control soil-borne plant pests will be achieved by developing methods to increase cell
disruption and thereby increase ITC release. Both physical and chemical methods are
currently being explored as possible ways to increase ITC release from Brassica tissues.
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Methods
Measuring ITCs in soil

To develop the method for measuring ITCs in soil, soil was sampled by shaking it off the
roots of brassicas and prepared in the way described below. Subsequently, the method was as
described for soils sampled in any part of a site where brassicas had been grown (and the
same if sampling for methyl ITC after metham sodium application).

Soil (approx 250 g) was collected from a depth of 0-20 cm, mixed in a plastic bag, sieved (2
mm) and a subsample (40 g) weighed into a 50 ml centrifuge tube. Sufficient ethyl acetate
was added such that the solvent surface was 10 mm above the soil surface, and the tubes
capped for transport to the laboratory.

The ethyl acetate was decanted and replaced with a similar volume. Tubes were shaken on an
orbital shaking table for 20 min at 200 rpm, after which the ethyl acetate was decanted. This
procedure was repeated once more and the three extracts combined. Methyl isothiocyanate
(1 ml, 100 ppm in ethyl acetate) was added as a normalisation standard and the solvent gently
evaporated under a stream of air to a volume of 5 ml. The samples were dried and filtered
through a plug of anhydrous magnesium sulfate (approx 4 cm) in a pasteur pipette into a 2ml
vial for analysis using gas chromatography (GC).

Samples were analysed using a Hewlett Packard 6890 GC equipped with a flame photometric
detector (FPD) in sulfur mode (394 nm). A 30 m % 0.32 mm i.d. WCOT fused silica capillary
column coated with a 0.25 um methylsilicone stationary phase (HP-1, Hewlett Packard) was
used. The GC oven was programmed from 50-220°C at 8°C min™'. Samples for analysis
were injected splitless using a HP 7683 auto sampler at an oven temperature of 50°C. Helium
was used as the carrier gas at a linear velocity of 19 cm s™.

Treating and incorporating brassicas

During the growth of the large area plots at Busselton in 2000, and before the highly revealing
results of the key Morra and Kirkegaard study had become available, discussions with Keith
Taylor had centred around methods of treating the plants and trying alternatives to simply
rotary hoe incorporation of whole plants. The first alternative tried was to use a hay mower-
conditioner to attempt to break up the plant tops more than might be the case with straight
rotary hoeing.

In the event, this was not highly successful, particularly for the tall, stemmy Fumus mustard.
Nevertheless, it was the start of a reappraisal of what ‘incorporation’ should really mean.
Once Morra and Kirkegaard revealed the importance of cell level tissue disruption, and we
had successfully developed methods for measuring ITCs in soil, the stage was set for a major
change in the approach to treating the plants and incorporation.

In 2001, a contractor who carries out weed and cover crop mulching in vineyards was
engaged to mulch the brassicas. In most of the area in both the BQMulch and Fumus plots,
the pulverised plant material was immediately rotary hoed into the soil. This was considered
to be the ‘best-bet’ approach and seemingly the most appropriate practical technique likely to
give best breakdown. Some strips were treated differently to gauge the efficacy of some other
incorporation options by measurement of ITCs in the soil.
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The treatments in 2001 were:

Mulch, rotary hoe immediately.

Mulch, leave on surface.

Rotary hoe whole plants.

Mow (cut off at ground level), rotary hoe in after 7 days.

Mow, leave on surface to dry and rotary hoe in 7 days later.

Mow, remove top material to bare area of soil on edge of paddock & separately rotary
hoe the separated tops (treatment 6a) and the remaining roots (treatment 6b), in
immediately.

7. Mow, remove top material to bare area of soil on edge of paddock & let dry and
separately rotary hoe tops (treatment 7a) and roots (treatment 7b) in 7 days later.

SNk =

The purpose of delaying rotary hoeing in treatments 4 and 5 was to test the effect of delays
that a farmer may experience through factors such as machinery breakdown or pressures of
other farm operations.

The purpose of treatment 6 was to gauge the amount of soil ITC that was derived from roots
and tops, with the overlaying of a sub-treatment of a delay to rotary hoeing for the reasons
outlined above for treatments 4 and 5.

The effect of watering was tested by adding water to 30 cm diameter x 30 lengths of PVC
pipe embedded in the different treatments. Levels of simulated irrigation or rainfall were 13
mm or 42 mm (1 and 3 L water added, respectively). Water was added immediately, and after
2,7 and 14 days.

Soil samples at the 5-15 cm depth range were taken in the various treatments at different
intervals and analysed for ITCs as described above.

In 2002, plots of BQMulch and Fumus were grown on loam at Busselton and sand at Medina
on the outskirts of Perth. Similar sets of treatments were applied as the main ones in 2001
(mulch and rotary hoe in immediately, mulch and rotary hoe in three days later (instead of
seven days in 2001) rotary hoe whole plants in, mulch and leave on surface and water soon
after mulching, mulch and leave on surface and water three days later).

Treatments in 2002 were:

Mulch, rotary hoe immediately.

Mulch, leave on surface.

Rotary hoe whole plants.

Use rotary hoe above ground to chop plants, then rotary hoe conventionally.
Mulch and rotary hoe in 3 days later

A S

The separation of above-ground foliage from roots was not included, but the use of the rotary
hoe above ground to first chop the plant tops and then rotary hoe in the conventional way was
added to test how useful a strategy this might be for a farmer who did not have a mulcher.
The treatments where irrigation was not immediately after plant treatment was aimed at
determining how much ITC release into soil might be expected if there was a delay in
irrigating after mulching.
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Treatments in 2002 at both sites included different amounts of simulated irrigation in some of
the plots (notably the Fumus mulched and left on the surface, as this had shown the highest
levels of ITCs flushing into the soil with added water in 2001 (see below)). In the most
complete irrigation simulation (Fumus mulched and left on the surface) watering to simulate
0, 10, 20, 30 and 40 mm of irrigation was carried out. In other treatments it was 0 or 20 mm.
The times of irrigation were 0, 1, 2, 3, 8, 72, 168 (7d) and 336 (14 d) hours after treating the
plants.

The mulching machines used at both sites in 2002 were different from that used in 2001,
having ‘L’-shaped cutting blades rather than the solid club-like hammers on the rapidly-
rotating horizontal axis. This proved to be a deficiency, as it did not result in the plant
material being pulverised into a mush that freely oozed large volumes of liquid. Rather, the
blades tended to chop the plant material into small fragments. It was a practical lesson
indicated by observations at the time of treatment, and confirmed by much lower levels of
ITCs detected in soil in 2002 (detailed below).

Methyl ITC in soil after metham sodium application

In order to assess the concentrations of ITCs in soil relative to the methyl ITC (MITC)
concentration after a typical application of 500 L of metham sodium/ha, an area of the same
type of loam soils that was treated with rotary hoe-incorporated metham sodium was sampled
at different depths for a lengthy period after application.

Results and discussion
Measuring ITCs in soil

Table 1 gives the results of the first measurements of ITCs in soil shaken from the roots of
growing plants. There was a correlation between the ITCs detected in soil and those in the
plants, notably and not surprisingly, the roots. The results confirmed that ITCs could be
detected in soil, validated the field soil sample collection and preparation technique and
allowed for fine-tuning of the laboratory procedures preceding analysis on the GC.

Treating and incorporating brassicas

The first three of the following photographs are included as a record of this early attempt at
pre-treating the crops rather than just rotary hoeing the whole plants into the soil, and to
illustrate the development stage of the brassicas when the operation was carried out in early
October 2000.

The use of the hay mower/conditioner did not prove to be very successful in breaking up the
above-ground plant tissue, particularly the tall, stemmy Fumus mustard which tended to
tangle somewhat or just pass through the machine in long strands. It became apparent in a
practical sense that a more vigorous method was required to break the plants up. This became
all the more evident and crucial with the subsequent realisation from the Morra and
Kirkegaard laboratory results that a very high level of tissue disruption was the key to
achieving high levels of ITC release.

The subsequent photographs show the mulching, incorporation, simulated irrigation and soil
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sampling operations in 2001. On this occasion, a mulching machine used in vineyards to
pulverise the inter-row vegetation was used. It was fitted with club-shaped beaters, which
when operated at high speed readily pulverised both types of Brassica — the leafy BQMulch
fodder rape and the tall, stemmy Fumus mustard.

Although it was unclear at the time, it later became apparent that such mulching machines
could have several types of blades or beaters. In 2002, mulching machines were used that had
‘L’-shaped knife-edged blades that turned out not to provide the same degree of tissue
disruption that the fortuitous use of the club beaters had in 2001. Rather, these cutting rather
than beating blades tended to chop the plant material into small fragments instead of
pulverising it.

Unfortunately the realisation of this deficiency came too late to change machinery and
commitments before all the 2002 plots were treated. Nevertheless, the inter-year comparison
had the positive benefit that it revealed the crucial importance of the appropriate type of
mulcher.

ITCs in soil and effects of irrigation
2001and 2002 plots

Table 2 gives the full data set from the soil ITC extractions in all the treatments in 2001 for
the BQMulch and Fumus plots. Perusal of the data show that some treatments resulted in
marked increases in the concentration of ITCs in the soil. The figures that follow show key
aspects of the results.

Tables 3 and 4 give the full data sets from the soil chemistry sampling of the wide range of
treatments undertaken in the loam soil at Busselton and the sand at Medina. Again, key
aspects of the results are shown in subsequent figures.

The tabulated data are included as a detailed record of what was done, as there were many
treatments overlaying each other making graphical presentation of all information complex
and extensive.

Comparison of the results of 2002 with those from 2001 immediately shows that considerably
lower levels of ITCs were measured in soil in 2002. This was attributed principally to the
‘chopping’ produced by the bladed mulching machine rather than true ‘mulching’ achieved by
the clubbed mulching machine.
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Rotary hoe incorporation of whole BQMulch plants compared to are area at left mulched first
and then rotary hoed (green lines are from wheel tracks as mulcher was offset for vineyard
use).
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Simulated irrigation cylders set up on area of Fumus mulched and left on the soil surface.

Sampling soil and simulated irrigation cylinders in an area of BQMulch mulched and rotary
hoed, with area mulched and left on the surface to the right centre.
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2002 plots — i) Busselton

on from the

Mulching BQMulch. Note chopplné’ of tissue and less forceful tissue eplsi
machine compared to 2001 (above).

Using rotary hoe to chop BQMulch foliage before passing back over to incorporate it into the
soil. Mulched and left on surface plot to left; mulched and incorporated plot to left again,
with cylinders for simulated irrigation.

75



Using rotary hoe to chop Fumus folige before pssin back ovr to incorporate it into the
soil. Mulched and left on surface plot to left; mulched and incorporated plot to left again,
with cylinders for simulated irrigation.

2002 plots — ii) Medina
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Mulching BQMulch. Note chpped nature of foliag an low velocity of expulsion.
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plots (most sampling was in Fumus mulched and left on the surface).
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Table 1. 2000 plots. Average ITC concentrations (plant - umole/g, soil - nmole/g)

2-Propenyl 3-Butenyl 4-Pentenyl Benzyl 2-Phenylethyl
Variety Sample Date Soil Root Shoot Soil Root Shoot Soil Root Shoot Soil Root Shoot Soil Root Shoot
BgmulchB 1 17-Aug-00 0.82 2.61 5.03 235 236 1.1 0 0 2340 0.56
2 07-Sep-00 0 0 20.20 10.90 1140 7.30 0 0 16.30 0
3 27-Sep-00 0 0.31 23.20 13.70 1210 6.91 0 0 13.20 0
3b 04-Oct-00 0.16 0 0.47 26.10 0.23 15.20 0 0.90 13.30
4 17-Oct-00 0.08 0.27 00.70 3250 11.40 0.45 16.00 5.67 0 0 1.63 11.40 0
5 08-Nov-00 0 0 0 0.31 35.00 13.90 0.23 16.00 7.26 0 0 025 847 0
6 30-Nov-00 0 0 38.70 23.70 15.90 10.10 0 0 6.92 0.57
7 20-Dec-00 0 0 45.70 36.20 19.50 16.30 0 0.15 7.81 0.58
8 10-Jan-01 0 0 29.80 40.90 14.30 19.20 0 0 7.78 0.46
9 28-Feb-01 0 0 543 8.86 226 152 0 0 4.03 0
BgmulchC 1 17-Aug-00 0.82 2.61 5.03 235 236 1.1 0 0 2340 0.56
2 07-Sep-00 048 045 12.3 10.30 0.71 0 0 0 2980 0.37
3 27-Sep-00 0.83 0.76 12.3 11.90 0.21 0 0 0 2270  0.37
3b 04-Oct-00 0.28 1.09 0.34 251 0 0.80 0 1.34 28.40
4 17-Oct-00 0 096 1.06 0.18 24.8 1240 0 0.21 0 0 0 1.29 23.10 0
5 08-Nov-00 0.15 0.74 0.69 030 104 5.10 0 0 0 0 0 0.57 994 0
6 30-Nov-00 1.16 144 9.92 10.20 0.54 299 0 0 1210 0.68
7 20-Dec-00 190 1.95 229 16.80 237 274 0 0 16.30 0.64
8 10-Jan-01 149 1.28 22.9 14.00 1.73  3.99 0 0 1420 0.27
9 28-Feb-01 0.60 1.30 8.42 12.00 054 4.78 0 0 5.54 0
Fumus 1 17-Aug-00 5.99 19.90 1.08 1.45 0.39 042 0 0 2430 274
2 07-Sep-00 15.50 43.50 0.27 0.76 0 0 0 0 20.10 1.35
3 27-Sep-00 7.84 54.70 0 1.50 0 0 0 0 6.79 0.66
3b 04-Oct-00 1.50 10.50 0 0 0 0 0 228 6.16
4 17-Oct-00 0.69 846 34.70 O 0 0 0 0 0 0 0 1.29 427 0
5 08-Nov-00 1.01 11.00 12.80 O 0.35 0 0 0 0 0 0 0.73 4.85 0
6 30-Nov-00 1.57 43.60 0 0 0 0 0 0 4.05 0
7 20-Dec-00 0.45 22.30 0 0 0 0 0 0 2.30 0
8 10-Jan-01 0 68.90 0 0 0 0 0 0 0 0
9 28-Feb-01
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Table 2. Oct 2001 soil extractions from WA Brassica plots - loam soil Busselton WA

Date | Water [Time (h)/Time (h) ITC Concentrations (nmole/g) (mean of 3 samples per cylinder)

No |Variety Treatment Sampledadded (L)) Wet [Sampled iso-PropyI2-Propenyllsec-ButyI‘B-Butenyl‘4-PentenyI|3MeThiopropyI‘BenzyI\A-MeThiobutyIIZ-PhenylethyIIS-MeThiopentyl Total
1BQ 1Mulched+RH 3-Oct 0] 0.000 0.145 0.000 2.988 1.133 0.000 0.000 0.000 1.251 0.000 5.517
2 BQ 1Mulched+RH 3-Oct 2| 0.000 0.157 0.000 3.769 1.512 0.000 0.000 0.000 1.175 0.000 6.613
3 BQ 1Mulched+RH 3-Oct 24| 0.000 0.000 0.000 0.502 0.226 0.000 0.000 0.000 0.491 0.000 1.219
4 BQ 1Mulched+RH 3-Oct 48[ 0.000 0.000 0.000 0.324 0.113 0.000 0.000 0.000 0.162 0.000 0.599
5 BQ 1Mulched+RH 10-Oct 168 0.000 0.000 0.000 0.188 0.000 0.000 0.000 0.000 0.166 0.000 0.353
6 BQ 1Mulched+RH 17-Oct 336| 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
7
8 BQ 2Mulched,Surface 3-Oct 0] 0.000 0.000 0.000 0.883 0.209 0.000 0.000 0.000 0.339 0.000 1.432
9 BQ 2Mulched,Surface 3-Oct 2| 0.000 0.000 0.000 0.492 0.092 0.000 0.000 0.000 0.276 0.000 0.859

10 BQ 2Mulched,Surface 3-Oct 24| 0.000 0.000 0.000 0.198 0.069 0.000 0.000 0.000 0.240 0.000 0.506
11 BQ 2Mulched,Surface 3-Oct 48 0.000 0.000 0.000 0.122 0.000 0.000 0.000 0.000 0.119 0.000 0.241
12 BQ 2Mulched,Surface 10-Oct 168 0.000 0.000 0.000 0.098 0.000 0.000 0.000 0.000 0.238 0.000 0.336
13 BQ 2Mulched,Surface 17-Oct 336| 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
14

15 BQ 3RH only whole plants 3-Oct 0] 0.000 0.000 0.000 0.827 0.314 0.000 0.000 0.000 0.539 0.000 1.680
16 BQ 3RH only whole plants 3-Oct 2| 0.000 0.000 0.000 0.534 0.079 0.000 0.000 0.000 0.404 0.000 1.017
17 BQ 3RH only whole plants 3-Oct 24 0.000 0.000 0.000 0.212 0.000 0.000 0.000 0.000 0.055 0.000 0.267
18 BQ 3RH only whole plants 3-Oct 48[ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
19 BQ 3RH only whole plants 10-Oct 168 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

20 BQ 3RH only whole plants 17-Oct 336| 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

21

22 BQ 5Mowed,Surface+RH@7d(10-Oct) 3-Oct 2| 0.000 0.000 0.000 0.159 0.065 0.000 0.000 0.000 0.157 0.000 0.381

23 BQ 5Mowed,Surface+RH@7d(10-Oct) 3-Oct 24 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.106 0.000 0.106

24 BQ 5Mowed,Surface+RH@7d(10-Oct) 10-Oct 168+2 0.000 0.000 0.000 0.699 0.318 0.000 0.000 0.000 0.335 0.000 1.352

25 BQ 5Mowed,Surface+RH@7d(10-Oct) 10-Oct 168+24] 0.000 0.000 0.000 0.378 0.126 0.000 0.000 0.000 0.199 0.000 0.704

26 BQ 5Mowed,Surface+RH@7d(10-Oct) 17-Oct 336| 0.000 0.000 0.000 0.000 0.055 0.000 0.000 0.000 0.000 0.000 0.055

27

28 BQ 6aMowed, Tops-moved+RH 3-Oct 0] 0.000 0.000 0.000 0.664 0.180 0.000 0.000 0.000 0.000 0.000 0.843

29 BQ 6aMowed, Tops-moved+RH 3-Oct 2| 0.000 0.000 0.000 0.404 0.000 0.000 0.000 0.000 0.000 0.000 0.404

30 BQ 6aMowed, Tops-moved+RH 3-Oct 24| 0.000 0.000 0.000 0.083 0.000 0.000 0.000 0.000 0.000 0.000 0.083

31 BQ 6aMowed, Tops-moved+RH 10-Oct 168 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

32 BQ 6aMowed, Tops-moved+RH 17-Oct 336] 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
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33
34 BQ
35 BQ
36 BQ
37 BQ
38 BQ
39

40 BQ
41 BQ
42 BQ
43 BQ
44

45 BQ
46 BQ
47 BQ
48 BQ
49

50 BQ
51 BQ
52 BQ
53 BQ
54 BQ
55 BQ
56 BQ
57

58 BQ
59 BQ
60 BQ
61 BQ
62 BQ
63 BQ
64 BQ
65

66 BQ
67 BQ

6bRoots only RH
6bRoots only RH
6bRoots only RH
6bRoots only RH
6bRoots only RH

7Mowed, Tops-moved+RH@7d(10-Oct)
7Mowed, Tops-moved+RH@7d(10-Oct)
7Mowed, Tops-moved+RH@7d(10-Oct)
7Mowed, Tops-moved+RH@7d(10-Oct)

1+1LMulched+RH + 1L water
1+1LMulched+RH + 1L water
1+1LMulched+RH + 1L water
1+1LMulched+RH + 1L water

1+3LMulched+RH + 3L water
1+3LMulched+RH + 3L water
1+3LMulched+RH + 3L water
1+3LMulched+RH + 3L water
1+3LMulched+RH + 3L water
1+3LMulched+RH + 3L water
1+3LMulched+RH + 3L water

2+3LMulched,Surface + 3L water
2+3LMulched,Surface + 3L water
2+3LMulched,Surface + 3L water
2+3LMulched,Surface + 3L water
2+3LMulched,Surface + 3L water
2+3LMulched,Surface + 3L water
2+3LMulched,Surface + 3L water

3+1LRH only whole plants + 1L water
3+1LRH only whole plants + 1L water

3-Oct
3-Oct
10-Oct
17-Oct

10-Oct
10-Oct
17-Oct
17-Oct

3-Oct
3-Oct
3-Oct
10-Oct
10-Oct
17-Oct
17-Oct

3-Oct
3-Oct
3-Oct
10-Oct
10-Oct
17-Oct
17-Oct

10-Oct
10-Oct

- A a

W W W wwwow

W W W wwww

N

168
168
336
336

24
24
48

168

168

336

336

48
168
168
336
336

168
168

o

24
168,
336

24
168,
336

24

24

24

24

24

24

24

24

24

0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.100

0.000
0.000
0.000
0.120

0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000

0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.063
0.000
0.373
0.000
0.000
0.000
0.000

0.297
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000

0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000

0.396
0.249
0.122
0.000
0.000

0.330
0.247
0.000
0.000

0.118
0.168
0.179
0.000

3.601
0.504
7.399
0.413
0.191
0.269
0.080

10.255
1.277
0.119
0.566
0.000
0.080
0.000

0.178
0.150

0.127
0.057
0.000
0.000
0.000

0.185
0.052
0.000
0.000

0.000
0.000
0.000
0.000

1.698
0.268
2.208
0.094
0.000
0.000
0.000

5.554
0.643
0.000
0.361
0.000
0.000
0.000

0.000
0.000

0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000

0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000

0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.132
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000

0.228
0.263
0.191
0.000
0.000

0.000
0.000
0.000
0.000

0.052
0.120
0.000
0.000

0.951
0.307
1.370
0.151
0.164
0.000
0.000

3.856
0.547
0.323
0.940
0.179
0.000
0.139

0.247
0.292

0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.172
0.000
0.169
0.000
0.000
0.000
0.000

0.244
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000

0.750
0.569
0.313
0.000
0.000

0.514
0.299
0.000
0.100

0.170
0.288
0.179
0.120

6.485
1.079
11.652
0.657
0.355
0.269
0.080

20.206
2.467
0.442
1.867
0.179
0.080
0.139

0.425
0.442
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68 BQ 3+1LRH only whole plants + 1L water 17-Oct 1 336 2l 0.108 0.000 0.000 0.073 0.000 0.000 0.000 0.000 0.000 0.000 0.181
69 BQ 3+1LRH only whole plants + 1L water 17-Oct 1 336 24{ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
70
71 BQ 3+3LRH only whole plants + 3L water 3-Oct 3 48 2| 0.000 0.000 0.000 0.258 0.304 0.000 0.000 0.000 0.409 0.000 0.970
72 BQ 3+3LRH only whole plants + 3L water 10-Oct 3 168 21 0.000 0.000 0.000 3.794 2.788 0.000 0.000 0.000 0.494 0.000 7.077
73 BQ 3+3LRH only whole plants + 3L water 10-Oct 3 168 24 0.000 0.000 0.000 0.479 0.092 0.000 0.000 0.000 1.002 0.000 1.573
74 BQ 3+3LRH only whole plants + 3L water 17-Oct 3 336 2| 0.000 0.000 0.000 0.235 0.000 0.000 0.000 0.000 0.000 0.000 0.235
75 BQ 3+3LRH only whole plants + 3L water 17-Oct 3 336 241 0.091 0.000 0.000 0.139 0.000 0.000 0.000 0.000 0.000 0.000 0.231
76
77 BQ 5+3LMowed,Surface+RH@7d(10-Oct) + 3L water 3-Oct 3 0 2| 0.000 0.098 0.000 1.167 0.526 0.000 0.000 0.000 0.000 0.000 1.791
78 BQ 5+3LMowed,Surface+RH@7d(10-Oct) + 3L water 3-Oct 3 0 24 0.055 0.000 0.000 0.378 0.192 0.000 0.000 0.000 0.000 0.000 0.626
79 BQ 5+3LMowed,Surface+RH@7d(10-Oct) + 3L water 10-Oct 3 168 2| 0.000 0.217 0.000 0.674 0.342 0.000 0.000 0.000 1.317 0.000 2.550
80 BQ 5+3LMowed,Surface+RH@7d(10-Oct) + 3L water 10-Oct 3 168 24 0.056 0.000 0.000 0.449 0.200 0.000 0.000 0.000 0.293 0.000 0.998
81 BQ 5+3LMowed,Surface+RH@7d(10-Oct) + 3L water 17-Oct 3 336 21 0.000 0.000 0.000 0.205 0.000 0.000 0.000 0.000 0.408 0.000 0.613
82 BQ 5+3LMowed,Surface+RH@7d(10-Oct) + 3L water 17-Oct 3 336 24 0.000 0.000 0.000  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
83
84 BQ 6a+3LMowed, Tops-moved+RH + 3L water 10-Oct 3 168 2| 0.000 0.000 0.000 0.514 0.000 0.000 0.000 0.000 0.000 0.000 0.514
85 BQ  6a+3LMowed, Tops-moved+RH + 3L water 10-Oct 3 168 24 0.000 0.000 0.000 0.210 0.000 0.000 0.000 0.000 0.000 0.000 0.210
86 BQ  6a+3LMowed, Tops-moved+RH + 3L water 17-Oct 3 336 2| 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
87 BQ 6a+3LMowed, Tops-moved+RH + 3L water 17-Oct 3 336 24 0.270 0.063 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.333
88
89 BQ  6b+3LRoots only RH + 3L water 10-Oct 3 168 21 0.000 0.000 0.000  0.000 0.000 0.000 0.000 0.000 0.132 0.000 0.132
90 BQ  6b+3LRoots only RH + 3L water 10-Oct 3 168 24 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.045 0.000 0.045
91 BQ  6b+3LRoots only RH + 3L water 17-Oct 3 336 21 0.000 0.247 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.247
92 BQ  6b+3LRoots only RH + 3L water 17-Oct 3 336 24 0.209 0.083 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.292
93
94 BQ 7+3LMowed, Tops-moved+RH@7d(10-Oct) + 3L water 10-Oct 3 168 2| 0.000 0.000 0.000 0.549 0.277 0.000 0.000 0.000 0.000 0.000 0.826
95 BQ 7+3LMowed, Tops-moved+RH@7d(10-Oct) + 3L water 10-Oct 3 168 24| 0.065 0.000 0.000 0.525 0.278 0.000 0.000 0.000 0.000 0.000 0.867
96 BQ 7+3LMowed,Tops-moved+RH@7d(10-Oct) + 3L water 17-Oct 3 336 2| 0.066 0.000 0.000 0.047 0.000 0.000 0.000 0.000 0.000 0.000 0.113
97 BQ 7+3LMowed,Tops-moved+RH@7d(10-Oct) + 3L water 17-Oct 3 336 24 0.092 0.000 0.000 0.064 0.000 0.000 0.000 0.000 0.000 0.000 0.157
98
99 Fumus 1Mulched+RH 3-Oct 0] 0.000 7.347 0.000 0.782 0.000 0.000 0.000 0.000 2.443 0.000 10.572
100 Fumus 1Mulched+RH 3-Oct 2| 0.000 7.826 0.000 0.724 0.000 0.000 0.000 0.000 2.146 0.000 10.697
101 Fumus 1Mulched+RH 3-Oct 24 0.000 2.702 0.000 0.208 0.000 0.000 0.000 0.000 0.904 0.000 3.814
102 Fumus 1Mulched+RH 3-Oct 48[ 0.000 0.721 0.000  0.000 0.000 0.000 0.000 0.000 0.427 0.000 1.148

82



103 Fumus
104 Fumus
105

106 Fumus
107 Fumus
108 Fumus
109 Fumus
110 Fumus
111 Fumus
112

113 Fumus
114 Fumus
115 Fumus
116 Fumus
117 Fumus
118 Fumus
119

120 Fumus
121 Fumus
122 Fumus
123 Fumus
124 Fumus
125

126 Fumus
127 Fumus
128 Fumus
129 Fumus
130 Fumus
131

132 Fumus
133 Fumus
134 Fumus
135 Fumus
136 Fumus
137

1Mulched+RH
1Mulched+RH

2Mulched,Surface
2Muliched,Surface
2Muliched,Surface
2Mulched,Surface
2Mulched,Surface
2Mulched,Surface

3RH only whole plants
3RH only whole plants
3RH only whole plants
3RH only whole plants
3RH only whole plants
3RH only whole plants

5Mowed,Surface+RH@7d(10-Oct)
5Mowed,Surface+RH@7d(10-Oct)
5Mowed,Surface+RH@7d(10-Oct)
5Mowed,Surface+RH@7d(10-Oct)
5Mowed,Surface+RH@7d(10-Oct)

6aMowed, Tops-moved+RH
6aMowed, Tops-moved+RH
6aMowed, Tops-moved+RH
6aMowed, Tops-moved+RH
6aMowed, Tops-moved+RH

6bRoots only RH
6bRoots only RH
6bRoots only RH
6bRoots only RH
6bRoots only RH

3-Oct
3-Oct
10-Oct
10-Oct
17-Oct

3-Oct
3-Oct
3-Oct
10-Oct
17-Oct

3-Oct
3-Oct
3-Oct
10-Oct
17-Oct

168,
336

24

48
168
336

24
48
168,
336

2
24
168+2
168+24
336

24
168
336

24
168,
336

0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000

0.294
0.339

1.492
0.393
0.200
0.199
0.193
0.113

1.872
0.769
0.385
0.425
0.135
0.000

0.312
0.152
2.292
0.985
0.000

1.422
1.215
0.339
0.116
0.134

0.476
0.674
0.284
0.000
0.000

0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000

0.000
0.000

0.161
0.000
0.000
0.000
0.000
0.000

0.132
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000

0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000

0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000

0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000

0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000

0.339
0.249

0.967
0.406
0.329
0.250
0.236
0.066

1.226
0.628
0.338
0.268
0.123
0.167

0.526
0.324
0.798
0.398
0.000

0.200
0.190
0.000
0.000
0.000

1.018
0.513
0.345
0.041
0.000

0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.239

0.000
0.000
0.000
0.000
0.000

0.633
0.588

2.620
0.799
0.529
0.448
0.429
0.179

3.230
1.397
0.723
0.694
0.258
0.167

0.837
0.476
3.090
1.383
0.000

1.621
1.405
0.339
0.116
0.373

1.494
1.187
0.630
0.041
0.000
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138 Fumus
139 Fumus
140 Fumus
141 Fumus
142

143 Fumus
144 Fumus
145 Fumus
146 Fumus
147

148 Fumus
149 Fumus
150 Fumus
151 Fumus
152 Fumus
153 Fumus
154 Fumus
155

156 Fumus
157 Fumus
158 Fumus
159 Fumus
160 Fumus
161 Fumus
162 Fumus
163

164 Fumus
165 Fumus
166 Fumus
167 Fumus
168

169 Fumus
170 Fumus
171 Fumus
172 Fumus

7Mowed, Tops-moved+RH@7d
7Mowed, Tops-moved+RH@7d
7Mowed, Tops-moved+RH@7d
7Mowed, Tops-moved+RH@7d

10-Oct)
10-Oct)
10-Oct)
10-Oct)

—~ =~ =~ =~

1+1LMulched+RH + 1L water
1+1LMulched+RH + 1L water
1+1LMulched+RH + 1L water
1+1LMulched+RH + 1L water

1+3LMulched+RH + 3L water
1+3LMulched+RH + 3L water
1+3LMulched+RH + 3L water
1+3LMulched+RH + 3L water
1+3LMulched+RH + 3L water
1+3LMulched+RH + 3L water
1+3LMulched+RH + 3L water

2+3LMulched,Surface + 3L water
2+3LMulched,Surface + 3L water
2+3LMulched,Surface + 3L water
2+3LMulched,Surface + 3L water
2+3LMulched,Surface + 3L water
2+3LMulched,Surface + 3L water
2+3LMulched,Surface + 3L water

3+1LRH only whole plants + 1L water
3+1LRH only whole plants + 1L water
3+1LRH only whole plants + 1L water
3+1LRH only whole plants + 1L water

3+3LRH only whole plants + 3L water
3+3LRH only whole plants + 3L water
3+3LRH only whole plants + 3L water
3+3LRH only whole plants + 3L water

3-Oct
3-Oct
10-Oct
17-Oct

10-Oct
10-Oct
17-Oct
17-Oct

3-Oct
3-Oct
3-Oct
10-Oct
10-Oct
17-Oct
17-Oct

10-Oct
10-Oct
17-Oct
17-Oct

3-Oct
10-Oct
10-Oct
17-Oct

W W W w w ww W W W w w ww = 2

= A a

W W w w

168
168
336
336

24
24
48
168
168
336
336

48
168
168
336
336

168
168
336
336

48
168
168
336

24
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336

24

24

24

24

24

24

24

24

24

24

24

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.104
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.095

0.000
0.000
0.088
0.000

1.607
0.666
0.000
0.062

0.767
0.367
0.596
0.370

7.837
1.660
3.381
0.900
0.325
0.770
0.452

68.450
7.576
1.083
0.386
0.000
0.000
0.000

0.383
0.155
0.000
0.000

9.580
1.724
0.180
0.060

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.936
0.052
0.855
0.000
0.000
0.053
0.000

3.037
0.502
0.140
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

4.758
0.096
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.083
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.061
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.262
1.475
0.134
0.000

6.687
0.968
2.598
1.200
0.176
0.351
0.000

27.199
3.565
2.757
0.388
0.108
0.126
0.000

0.225
0.120
0.063
0.000

3.639
0.631
0.229
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

1.607
0.666
0.000
0.062

1.090
1.843
0.730
0.370

15.461
2.680
6.834
2.100
0.500
1.278
0.452

98.685
11.643
3.980
0.774
0.108
0.126
0.000

0.691
0.275
0.063
0.095

17.977
2.452
0.498
0.060
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173 Fumus
174

175 Fumus
176 Fumus
177 Fumus
178 Fumus
179 Fumus
180 Fumus
181

3+3LRH only whole plants + 3L water

5+3LMowed,Surface+tRH@7d(10-Oct) + 3L water
5+3LMowed,Surface+tRH@7d(10-Oct) + 3L water
5+3LMowed,Surface+RH@7d(10-Oct) + 3L water
5+3LMowed,Surface+RH@7d(10-Oct) + 3L water
5+3LMowed,Surface+RH@7d(10-Oct) + 3L water
5+3LMowed,Surface+RH@7d(10-Oct) + 3L water

182 Fumus6a+3LMowed, Tops-moved+RH + 3L water
183 Fumus6a+3LMowed, Tops-moved+RH + 3L water
184 Fumus6a+3LMowed, Tops-moved+RH + 3L water
185 Fumus6a+3LMowed, Tops-moved+RH + 3L water

186

187 Fumus6b+3LRoots only RH + 3L water
188 Fumus6b+3LRoots only RH + 3L water
189 Fumus6b+3LRoots only RH + 3L water
190 Fumus6b+3LRoots only RH + 3L water

191

192 Fumus
193 Fumus
194 Fumus
195 Fumus

7+3LMowed, Tops-moved+RH@7d(10-Oct) + 3L water
7+3LMowed, Tops-moved+RH@7d(10-Oct) + 3L water
7+3LMowed, Tops-moved+RH@7d(10-Oct) + 3L water
7+3LMowed, Tops-moved+RH@7d(10-Oct) + 3L water

10-Oct
10-Oct
17-Oct
17-Oct

10-Oct
10-Oct
17-Oct
17-Oct

10-Oct
10-Oct
17-Oct
17-Oct

W W W w ww

W W w w W W ww

W W ww
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168
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336
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168
168
336
336

168
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336
336
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24

24

24

24

24

24

24

0.000

0.000
0.125
0.000
0.059
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.181
0.000

0.085
0.000
0.000
0.000

0.000

7.631
0.766
5.778
0.460
0.053
0.000

0.138
0.261
0.000
0.000

0.000
0.000
0.000
0.000

2.418
0.892
0.000
0.000

0.000

0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000

0.145
0.116
0.000
0.000
0.566
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.067
0.058
0.000
0.000

0.000

0.000
0.000
0.000
0.000
0.204
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000

0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000

0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000

0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000

0.374
0.156
2.288
0.501
0.466
0.000

0.000
0.000
0.000
0.000

0.609
0.173
0.000
0.000

0.266
0.000
0.000
0.000

0.000

0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000

8.150
1.164
8.066
1.019
1.289
0.000

0.138
0.261
0.000
0.000

0.609
0.173
0.181
0.000

2.836
0.950
0.000
0.000
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Table 3. Oct 2002 soil extractions from WA Brassica plots — sand soil Medina WA

Average concentrations (3 reps) (nmole/g) (only for main ITCs detected)

iso-Propyl 2-Propenyl §‘3-Butenyl ‘ 4-Pentenyl ‘ 4-MeThiobutyl ‘ 2-Phenylethyl ‘ 5-MeThiopentyl | Total

Variety/Sample 1D Day| hr [mm
Blank_D3_0h_Omm 3 0 0] 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Blank_D8_0h_Omm 8 0 0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
BM_D1_0h_Omm 1 0 0 0.000 0.000 0.000 0.000 0.000 0.139 0.025 0.165
BM_D1_2h_Omm 1 2 0 0.000 0.000 0.000 0.000 0.000 0.059 0.000 0.059
BM_D1_2h_20mm 1 2 20 0.000 0.000 0.087 0.000 0.000 0.000 0.000 0.087
BM_D1_24h_Omm 1 24 0] 0.000 0.000 0.000 0.000 0.000 0.073 0.000 0.073
BM_D1_24h_20mm 1 24 20| 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
BM_D3_0h_Omm 3 0 0] 0.000 0.281 0.000 0.064 0.000 0.177 0.024 0.546
BM_D3_2h_Omm 3 2 0 0.000 0.564 0.000 0.000 0.033 0.257 0.000 0.854
BM_D3_2h_20mm 3 2 20 0.000 0.170 0.197 0.082 0.000 0.252 0.000 0.700
BM_D3_24h_Omm 3 24 0] 0.000 0.000 0.000 0.047 0.017 0.150 0.000 0.215
BM_D3_24h_20mm 3 24 20 0.000 0.000 0.000 0.044 0.059 0.197 0.000 0.300
BM_D8_0Oh_Omm 8 0 0 0.000 0.000 0.000 0.000 0.000 0.034 0.000 0.034
BM_D8 2h_Omm 8 2 0] 0.000 0.000 0.000 0.000 0.000 0.049 0.000 0.049
BM_D8 2h_20mm 8 2 20 0.000 0.000 0.082 0.000 0.000 0.150 0.000 0.231
BM_D8_24h_0Omm 8 24 0] 0.000 0.000 0.000 0.000 0.026 0.140 0.017 0.183
BM_D8_24h_20mm 8 24 20| 0.000 0.000 0.099 0.000 0.070 0.248 0.000 0.417
BM_D1+D8_2h_20mm 1+48 2 20[ 0.000 0.000 0.180 0.091 0.000 0.081 0.000 0.352
BM_D1+D8_24h_20mm 1+8 24 20[ 0.000 0.000 0.058 0.063 0.041 0.092 0.022 0.275
BMR_D1_0h_Omm 1 0 0 0.000 0.000 0.000 0.000 0.104 0.227 0.000 0.331
BMR_D1_2h_Omm 1 2 0] 0.000 0.000 0.726 0.378 0.097 0.670 0.000 1.871
BMR_D1_2h_20mm 1 2 20, 0.000 0.000 0.634 0.436 0.121 0.714 0.000 1.905
BMR_D1_24h_Omm 1 24 0 0.000 0.000 0.245 0.000 0.036 0.278 0.000 0.558
BMR_D1_24h_20mm 1 24 20 0.000 0.000 0.181 0.000 0.034 0.192 0.000 0.408
BMR_D3_0h_Omm 3 0 0 0.000 0.000 0.257 0.000 0.028 0.253 0.000 0.538
BMR_D3_2h_Omm 3 2 0 0.000 0.000 0.000 0.000 0.000 0.056 0.000 0.056
BMR_D3_2h_20mm 3 2 20 0.000 0.000 0.605 0.284 0.135 0.461 0.000 1.486
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BMR_D3_24h_Omm
BMR_D3_24h_20mm
BMR_D8_0Oh_Omm
BMR_D8_2h_Omm
BMR_D8_2h_20mm
BMR_D8_24h_Omm
BMR_D8_24h_20mm
BMR_D1+D8_2h_20mm
BMR_D1+D8_24h 20mm

BMR3_D1_0h_Omm
BMR3_D1_2h_0mm
BMR3_D1_2h_20mm
BMR3_D1_24h_Omm
BMR3_D1_24h_20mm
BMR3_D3_0h_O0mm
BMR3_D3_2h_0Omm
BMR3 D3 2h 20mm
BMR3_D3_24h_O0mm
BMR3_D3_24h_20mm
BMR3_D8 0Oh_O0mm

BMR3 D8 2h Omm
BMR3_D8_2h_20mm
BMR3_D8_24h_Omm
BMR3_D8 24h_20mm
BMR3_D1+D8_2h_20mm
BMR3_D1+D8_24h_20mm

BRR_D1_0h_Omm
BRR_D1 2h Omm
BRR_D1_2h_20mm
BRR_D1_24h_Omm
BRR_D1_24h_20mm
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20

20

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.124
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000

0.131
0.046
0.102
0.000
0.227
0.000
0.000
0.189
0.048

0.000
0.832
0.882
0.515
0.368
0.306
0.049
0.272
0.182
0.207
0.000
0.072
0.141
0.226
0.071
0.047
0.118

0.000
0.850
1.170
0.263
0.496

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.056
0.000

0.000
0.597
0.591
0.255
0.203
0.138
0.000
0.062
0.000
0.041
0.000
0.000
0.080
0.044
0.044
0.000
0.084

0.056
0.547
0.717
0.088
0.254

0.000
0.055
0.000
0.000
0.029
0.000
0.035
0.000
0.000

0.000
0.102
0.112
0.058
0.025
0.035
0.000
0.021
0.029
0.049
0.000
0.000
0.024
0.046
0.000
0.000
0.000

0.033
0.088
0.128
0.059
0.034

0.093
0.129
0.067
0.036
0.212
0.000
0.051
0.086
0.035

0.000
0.568
0.462
0.218
0.205
0.328
0.156
0.253
0.196
0.172
0.035
0.119
0.177
0.227
0.036
0.034
0.106

0.280
0.512
0.686
0.222
0.099

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.028
0.000
0.051
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.019

0.000
0.000
0.086
0.000
0.027

0.225
0.229
0.169
0.036
0.469
0.000
0.086
0.331
0.084

0.000
2127
2171
1.096
0.801
0.807
0.205
0.608
0.407
0.470
0.035
0.191
0.422
0.543
0.152
0.081
0.327

0.368
1.996
2.787
0.633
0.910

87



BRR_D3_0h_Omm
BRR_D3 2h Omm
BRR_D3_2h_20mm
BRR_D3_24h_Omm
BRR_D3_24h_20mm
BRR_D8 0Oh_Omm
BRR_D8 2h_Omm
BRR_D8_2h_20mm
BRR_D8 24h Omm
BRR_D8_24h_20mm
BRR_D1+D8_2h_20mm
BRR_D1+D8 24h_20mm

FM_D1 _Oh_Omm
FM_D1_1h_Omm
FM_D1_3h_Omm
FM_D1_8h_Omm
FM_D1_24h Omm
FM_D1_336h_0Omm
FM_D1_1h_10mm
FM_D1_3h_10mm
FM_D1_8h_10mm
FM_D1_24h_10mm
FM_D1_72h_10mm
FM_D1_168h_10mm
FM_D1_336h_10mm
FM_D1_1h_20mm
FM_D1_3h_20mm
FM_D1_8h_20mm
FM_D1_24h_20mm
FM_D1_72h_20mm
FM_D1_168h_20mm
FM_D1_336h_20mm
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0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.084
0.000
0.000
0.000
0.000
2.547
0.155
0.146
0.119
0.000
0.000
0.000
0.601
0.844
0.091
0.000
0.069
0.000
0.000

0.440
0.295
0.331
0.172
0.167
0.142
0.127
0.154
0.073
0.000
0.117
0.119

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.279
0.191
0.000
0.099
0.055
0.000
0.000
0.046
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.102
0.068
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.211
0.232
0.173
0.032
0.161
0.095
0.000
0.041
0.039
0.000
0.000
0.000

0.000
0.000
0.089
0.000
0.000
0.000
0.084
0.000
0.000
0.053
0.072
0.000
0.000
0.252
0.236
0.000
0.000
0.061
0.032
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.930
0.820
0.572
0.304
0.383
0.237
0.127
0.242
0.111
0.000
0.117
0.119

0.000
0.084
0.089
0.000
0.000
0.000
2.632
0.155
0.146
0.172
0.072
0.000
0.000
0.853
1.080
0.091
0.000
0.130
0.032
0.000
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FM_D1_1h_30mm
FM_D1_3h_30mm
FM_D1_8h_30mm
FM_D1_24h_30mm
FM_D1_72h_30mm
FM_D1_168h_30mm
FM_D1_336h_30mm
FM_D1_1h_40mm
FM_D1_3h_40mm
FM_D1_8h_40mm
FM_D1_24h_40mm
FM_D1_72h_40mm
FM_D1_168h_40mm
FM_D1_336h_40mm
FM_D3 _Oh_Omm
FM_D3_1h_Omm
FM_D3 3h_0Omm
FM_D3 8h_Omm
FM_D3_24h_Omm
FM_D3_72h_Omm
FM_D3_168h_Omm
FM_D3_336h_0Omm
FM_D3_1h_10mm
FM_D3_3h_10mm
FM_D3_8h_10mm
FM_D3_24h_10mm
FM_D3_72h_10mm
FM_D3_168h_10mm
FM_D3 336h_10mm
FM_D3_1h_20mm
FM_D3_3h_20mm
FM_D3_8h_20mm
FM_D3 24h 20mm

W WWWWWWWWWwWwwWwWwwwWwww=_a 2 A A aaaaaaaaaa

0 W =

24
72
168
336

24
72
168
336

—_

24
72
168
336

24
72
168
336

24

30
30
30
30
30
30
30
40
40
40
40
40
40
40

O O O O O O O

10
10
10
10
10
10
20
20
20
20

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.305
0.393
0.386
0.000
0.000
0.000
0.000
1.016
0.526
0.604
0.165
0.075
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.310
0.245
0.299
0.084
0.000
0.000
0.000
0.379
0.180
0.156
0.067

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.077
0.000
0.089
0.034
0.000
0.056
0.130
0.086
0.074
0.181
0.096
0.000
0.000
0.149
0.000
0.123
0.000
0.101
0.000
0.000
0.055
0.045
0.163
0.155
0.086
0.139
0.000
0.000
0.264
0.202
0.072

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.305
0.393
0.464
0.000
0.089
0.034
0.000
1.072
0.656
0.690
0.239
0.256
0.096
0.000
0.000
0.149
0.000
0.123
0.000
0.101
0.000
0.000
0.364
0.291
0.462
0.239
0.086
0.139
0.000
0.379
0.444
0.358
0.139

&9



FM_D3_72h_20mm
FM_D3_168h_20mm
FM_D3_336h_20mm
FM_D3_1h_30mm
FM_D3_3h_30mm
FM_D3 8h_30mm
FM_D3 24h_30mm
FM_D3_72h_30mm
FM_D3_168h_30mm
FM_D3_336h_30mm
FM_D3_1h_40mm
FM_D3_3h_40mm
FM_D3_8h_40mm
FM_D3_24h_40mm
FM_D3_72h_40mm
FM_D3_168h_40mm
FM_D3 336h_40mm
FM_D8 Oh_Omm
FM_D8 1h_Omm
FM_D8_3h_0mm
FM_D8 8h_0Omm
FM_D8 24h Omm
FM_D8 72h_Omm
FM_D8_168h_Omm
FM_D8 336h_Omm
FM_D8 1h_10mm
FM_D8 3h_10mm
FM_D8_8h_10mm
FM_D8 24h_10mm
FM_D8 72h_10mm
FM_D8 168h_10mm
FM_D8_336h_10mm
FM_D8 1h_20mm

QO 00 0O 0O 00 0O 0O OO 00 0O OO 00 0O OO 00 00 W W W W W W W W W WWWWWWWw

72
168
336

24
72
168
336

24
72
168
336

—_

24
72
168
336

24
72
168
336

20
20
20
30
30
30
30
30
30
30
40
40
40
40
40
40
40

O O O O O O O

10
10
10
10
10
10
20

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.687
0.328
0.089
0.064
0.000
0.000
0.000
0.521
0.469
0.115
0.205
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.149
0.089
0.084
0.085
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.111
0.077
0.000
0.129
0.118
0.203
0.049
0.067
0.088
0.000
0.096
0.000
0.155
0.263
0.083
0.094
0.000
0.155
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.063
0.056
0.096
0.193
0.154
0.063
0.000
0.069

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.111
0.077
0.000
0.816
0.446
0.293
0.112
0.067
0.088
0.000
0.617
0.469
0.270
0.468
0.083
0.094
0.000
0.155
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.063
0.204
0.185
0.277
0.240
0.063
0.000
0.069

90



FM_D8 3h_20mm
FM_D8 8h_20mm
FM_D8 24h_20mm
FM_D8_72h_20mm
FM_D8 168h_20mm
FM_D8 _336h_20mm
FM_D8 1h_30mm
FM_D8_3h_30mm
FM_D8 8h_30mm
FM_D8 24h_30mm
FM_D8 72h_30mm
FM_D8_168h_30mm
FM_D8 336h_30mm
FM_D8 1h_40mm
FM_D8 3h_40mm
FM_D8_8h_40mm
FM_D8 24h _40mm
FM_D8_72h_40mm
FM_D8 168h_40mm
FM_D8_336h_40mm
FM_D1+D8 1h_10mm
FM_D1+D8 3h_10mm
FM_D1+D8 8h_10mm
FM_D1+D8 24h_10mm
FM_D1+D8 72h 10mm
FM_D1+D8 168h_10mm
FM_D1+D8 336h_10mm
FM_D1+D8 1h_20mm
FM_D1+D8 3h_20mm
FM_D1+D8 8h_20mm
FM_D1+D8 24h_20mm
FM_D1+D8 72h_20mm
FM_D1+D8 168h_20mm

Q0 00 CO 0O 00 0O O 00 0O O 0O 00 0O O 00 0O O O 00

-
+
(0]

1+8
1+8
1+8
1+8
1+8
1+8
1+8
1+8
1+8
1+8
1+8
1+8

24
72
168
336

24
72
168
336

24
72
168
336

24
72
168
336

24
72
168

20
20
20
20
20
20
30
30
30
30
30
30
30
40
40
40
40
40
40
40
10
10
10
10
10
10
10
20
20
20
20
20
20

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.205
0.056
0.000
0.000
0.000
0.000
0.307
0.362
0.174
0.000
0.000
0.000
0.000
0.293
0.113
0.117
0.000
0.000
0.000
0.097
0.062
0.156
0.000
0.000
0.000
0.000
0.000
0.060
0.128
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.117
0.109
0.000
0.000
0.043
0.000
0.154
0.149
0.125
0.153
0.034
0.061
0.000
0.078
0.082
0.111
0.033
0.025
0.000
0.000
0.074
0.094
0.086
0.083
0.037
0.000
0.000
0.122
0.000
0.088
0.096
0.051
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.322
0.165
0.000
0.000
0.043
0.000
0.461
0.511
0.298
0.153
0.034
0.061
0.000
0.370
0.196
0.228
0.033
0.025
0.000
0.097
0.136
0.251
0.086
0.083
0.037
0.000
0.000
0.182
0.128
0.088
0.096
0.051
0.000

91



FM_D1+D8 336h_20mm
FM_D1+D8_ 1h_30mm
FM_D1+D8 3h_30mm
FM_D1+D8 8h_30mm
FM_D1+D8 24h 30mm
FM_D1+D8 72h_30mm
FM_D1+D8 168h_30mm
FM_D1+D8 336h_30mm
FM_D1+D8 1h_40mm
FM_D1+D8_ 3h_40mm
FM_D1+D8 8h_40mm
FM_D1+D8 24h_40mm
FM_D1+D8 72h 40mm
FM_D1+D8 168h_40mm
FM_D1+D8 336h_40mm

FMR_D1_0h_Omm
FMR_D1_2h_Omm
FMR_D1_2h_20mm
FMR_D1_24h_Omm
FMR_D1_24h 20mm
FMR_D3 0Oh_Omm
FMR_D3_2h_0Omm
FMR_D3 2h_20mm
FMR_D3 24h Omm
FMR_D3_24h_20mm
FMR_D8_0h_Omm
FMR_D8 2h_Omm
FMR_D8 2h 20mm
FMR_D8_24h_0Omm
FMR_D8_24h_20mm
FMR_D1+D8_2h_20mm
FMR_D1+D8 24h_20mm

1+8
1+8
1+8
1+8
1+8
1+8
1+8
1+8
1+8
1+8
1+8
1+8
1+8
1+8
1+8

O 00 00 0000 WWWWW-=2 =

-
+
oo

1+8

336

24
72
168
336

24
72
168
336

N N O

24
24

N O

24
24

N

24
24

24

20
30
30
30
30
30
30
30
40
40
40
40
40
40
40

20

20

20

20

20

20
20
20

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.143
0.151
0.000
0.000
0.000
0.000
0.000
0.180
0.256
0.089
0.000
0.000
0.000
0.000

0.000
1.929
2.282
0.324
0.875
0.000
0.331
0.353
0.000
0.090
0.000
0.000
0.064
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.073
0.134
0.082
0.096
0.035
0.000
0.000
0.043
0.046
0.000
0.100
0.079
0.000
0.000

0.000
0.405
0.558
0.218
0.156
0.170
0.252
0.207
0.120
0.233
0.067
0.000
0.051
0.000
0.000
0.000
0.031

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.216
0.286
0.082
0.096
0.035
0.000
0.000
0.223
0.302
0.089
0.100
0.079
0.000
0.000

0.000
2.334
2.840
0.541
1.031
0.170
0.582
0.561
0.120
0.323
0.067
0.000
0.115
0.000
0.000
0.000
0.031

92



FMR3_D1_0h_Omm
FMR3_D1_2h_0mm
FMR3_D1_2h_20mm
FMR3 D1 24h Omm
FMR3_D1_24h_20mm
FMR3_D3 0h_O0mm
FMR3_D3 2h_Omm
FMR3 D3 2h 20mm
FMR3_D3 24h_Omm
FMR3_D3 24h_20mm
FMR3_D8 Oh_Omm
FMR3 D8 2h Omm
FMR3_D8 2h 20mm
FMR3_D8 24h_Omm
FMR3_D8 24h_20mm

FMR3_D1+D8_2h_20mm
FMR3_D1+D8_24h_20mm

FRR_D1_0h_Omm
FRR D1 _2h Omm
FRR_D1_2h 20mm
FRR_D1_24h_Omm
FRR_D1_24h_20mm
FRR_D3 Oh_Omm
FRR_D3 2h Omm
FRR_D3_2h_20mm
FRR_D3 24h_Omm
FRR_D3 24h 20mm
FRR_D8 Oh_Omm
FRR_D8_2h_0mm
FRR_D8 2h_20mm
FRR D8 24h Omm

0 00 0 000 WWWWW= =2 aaa

-
+
(o]

1+8

Q© 00 00 O WWWWW=- 2 2 aaa

N N O

24
24

N O

24
24

N

24
24

24

N N O

24
24

N O

24
24

N

24

20

20

20

20

20
20

20
20

20

20

20

20

20

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.097
1.480
2.659
0.370
0.491
0.050
0.000
0.137
0.000
0.055
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
1.617
1.885
0.557
0.754
0.343
0.652
1.070
0.259
0.301
0.141
0.000
0.223
0.000

0.000
0.000
0.000
0.160
0.000
0.043
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.062
0.282
0.444
0.177
0.217
0.085
0.103
0.205
0.077
0.114
0.000
0.033
0.052
0.000
0.000
0.000
0.000

0.057
0.418
0.381
0.175
0.076
0.125
0.210
0.382
0.113
0.147
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.159
1.762
3.103
0.707
0.708
0.178
0.103
0.341
0.077
0.169
0.000
0.033
0.052
0.000
0.000
0.000
0.000

0.057
2.035
2.266
0.732
0.830
0.468
0.863
1.452
0.372
0.447
0.141
0.000
0.223
0.000

93



FRR_D8_24h_20mm 8 24 20| 0.000 0.076 0.000 0.000 0.000 0.000 0.000 0.076

FRR_D1+D8_2h_20mm 1+8 2 20, 0.000 0.086 0.000 0.000 0.000 0.000 0.000 0.086
FRR_D1+D8_24h_20mm 1+8 24 20| 0.000 0.123 0.000 0.000 0.000 0.024 0.000 0.147
Legend:
Brassica plot treatments and sample legend for Busselton and Medina - October 2002
Day water| Hours after Water
Variety Treatment added |Treatment (h)|added (mm)
(B): Bgmulch|(M)  : Mulched only (D1) 0 0
(F): Fumus |(MR) : Mulched & Rotary hoed in (D3) 1 10
(MR3) : Mulched & Rotary hoed in 3 days later (D8) 2 20
(RR) : Rotary hoed above ground then Rotary hoed in |(D1 + D8) 3 30
8 40
72
168
336




Table 3. Oct 2002 soil extractions from WA Brassica plots — loam soil Busselton WA

Average concentrations (3 reps) (nmole/g) (only for main ITCs detected)

Variety/Sample 1D Day| hr |mm] iso-Propyl 2-Propenyl T 3-Butenyl ‘ 4-Pentenyl ‘ 4-MeThiobutyl ‘ 2-Phenylethyl ‘ 5-MeThiopentyl | Total
Blank_D1_0h_Omm 1 0 Of 0.121 0.000 0.000 0.000 0.000 0.000 0.000 0.121
Blank_D3_0h_0Omm 3 0 O o0.000 0.000 0.216 0.149 0.000 0.172 0.000 0.537
Blank_D8_0h_Omm 8 0 0O 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
BM_D1_0h_Omm 1 0f 0.000 0.000 0.000 0.000 0.000 0.112 0.000 0.112
BM_D1_0-1h_Omm 1 01 O 0.000 0.000 0.226 0.097 0.000 0.428 0.000 0.752
BM_D1_2h_Omm 1 2 O0f 0.198 0.000 0.748 0.283 0.000 0.363 0.174 1.766
BM_D1_2h_20mm 1 2 20 0.000 0.000 0.622 0.283 0.000 0.369 0.000 1.275
BM_D1_24h_Omm 1 24 0 0.000 0.000 0.278 0.113 0.000 0.293 0.000 0.685
BM_D1_24h_20mm 1 24 20 0.000 0.000 0.175 0.131 0.000 0.167 0.000 0.473
BM_D3_0h_Omm 3 0 0O o0.000 0.000 0.238 0.177 0.000 0.479 0.000 0.894
BM_D3_2h_Omm 3 2 0 0.000 0.000 0.316 0.195 0.000 0.451 0.000 0.962
BM_D3_2h_20mm 3 2 20 0.000 0.000 0.400 0.258 0.000 0.529 0.000 1.187
BM_D3_24h_Omm 3 24 0O 0.000 0.000 0.498 0.162 0.000 0.896 0.026 1.582
BM_D3_24h_20mm 3 24 20 0.000 0.000 0.213 0.099 0.000 0.248 0.000 0.561
BM_D8_0h_Omm 8 0 0O 0.000 0.000 0.158 0.100 0.000 0.302 0.000 0.560
BM_D8_2h_Omm 8 2 0 0.000 0.000 0.280 0.141 0.000 0.272 0.000 0.693
BM_D8_2h_20mm 8 2 20 0.000 0.000 0.272 0.175 0.000 0.297 0.000 0.744
BM_D8_24h_0Omm 8 24 (O 0.000 0.000 0.442 0.245 0.000 0.605 0.000 1.292
BM_D8_24h_20mm 8 24 20 0.000 0.000 0.238 0.185 0.000 0.237 0.000 0.661
BM_D1+D8_2h_20mm 1+8 2 20| 0.000 0.000 0.141 0.051 0.000 0.191 0.000 0.384
BM_D1+D8_24h_20mm 1+8 24 20| 0.000 0.000 0.049 0.000 0.000 0.123 0.000 0.172
BMR_D1_0h_Omm 1 0| 0.000 0.000 0.041 0.058 0.000 0.219 0.000 0.319
BMR_D1_0-1h_Omm 1 0-1 O 0.000 0.188 2.329 0.693 0.000 0.698 0.000 3.908
BMR_D1_2h_Omm 1 0f 0.000 0.000 1.855 0.726 0.000 0.810 0.000 3.391
BMR_D1_2h_20mm 1 2 20 0.092 0.123 2.423 0.931 0.044 1.174 0.079 4.866
BMR_D1_24h_Omm 1 24 0 0.000 0.000 0.751 0.257 0.000 0.377 0.000 1.385
BMR_D1_24h_20mm 1 24 20 0.000 0.000 1.157 0.495 0.000 0.582 0.000 2.233
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2.113
1.399
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0.934
0.458
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Figure 1 shows the total ITC concentration in soil for the BQMulch and Fumus plots that
were rotary hoed into the soil as whole plants, mulched and left on the surface, and mulched
and immediately rotary hoed into the soil. It is immediately apparent that mulching the tops
of the plants before rotary hoe incorporation substantially increased the concentration of ITCs
in the soil, particularly for the mustard. The increased release of ITCs was also associated
with a prolonging of their presence in the soil.

ITC in soil (nmol/g)
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Figure 1. ITC concentration in soil - 2001 plots. Treatments without irrigation. Note y-axis
scale in relation to that of following figures.

Figure 2 shows the concentration of total ITCs in soil after whole plants were rotary hoed into
the soil and there was heavy watering (3 L/cylinder, or 42 mm equivalent) after two or seven
days. In the case of the BQMulch fodder rape it appeared that the watering after seven days
caused a reactivation of ITC release, which declined within the following 24 hours. The
watering caused a near doubling of the ITC concentration in soil (compare Figs 1 and 2; note
y-axis scale difference).

In contrast, the ITC release was greater in Fumus mustard when watering was carried out two

days after incorporation, suggesting a lesser capacity for longer-term reactivation of ITC
release by watering for the mustard than for the fodder rape.
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ITC in soil (nmol/g)
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Figure 2. Concentration of ITCs in soil for BQMulch fodder rape and Fumus mustard when
whole plants were rotary hoed into the soil and 3 L water was added at the times after
incorporation shown.

Figure 3 shows the soil total ITC concentration when the brassicas were mulched and rotary
hoed into the soil before irrigating at different intervals. When compared to the results shown
in Fig. 2, it appears that reactivation of ITC release is more general when the plants are
pulverised, rather than the chopping effect achieved with the rotary hoe alone, although the
concentration of total ITCs was not increased.

While watering increased the release of ITCs into soil from plant material rotary hoed into the
soil, a very much larger effect occurred when the mulched plant material was left on the
surface of the ground and watered heavily, particularly for the mustard (Fig. 4). While
addition of 1 L water did not produce a similar effect, the result with 3 L water illustrated and
reinforced the second principle revealed by Morra and Kirkegaard that excess water is a key
ingredient in maximising the release of ITCs, and clearly also their transport into the soil.

Figure 5 shows the concentration of MITC in the soil following metham sodium application.
Comparison with Fig. 4 shows that levels of total ITC achieved from heavily watering
mulched mustard were well within the range of the MITC concentration achieved from the
synthetic ITC precursor metham sodium.
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Figure 3. Total ITCs in soil when plant were mulched and immediately rotary hoed in,
before watering with 3 L (42 mm) water at the specified times.
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Figure 4. Concentration of total ITCs in soil when the plants were mulched and left on the
surface of the ground and watered heavily (3 L — 42 mm) immediately or after 24h.
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Figure 5. Concentration of MITC in loam soil after application of 500 L/ha of metham
sodium by boom spray with immediate rotary hoe incorporation.

Figure 6 shows the total ITCs in the sandy soil at Medina after applying 20 mm water at
different intervals after plant treatment (see bottom of Table 2 above for treatment legend).
The top part of the figure shows the ITC concentration 2 h after watering, while the bottom
section shows it 24 h after watering.

In summary, it is clear that only relatively low concentrations of ITCs were detected in all
treatments. This is believed to be primarily the result of the poor tissue pulverisation in 2002,
probably compounded by the lesser amount of water applied (20 mm compared to 42 mm in
2001). Comparison within and between the two sections of Fig. 6 shows that ITCs could be
detected primarily within the first 24 h after adding water, and mostly for soil wet soon after
treating the plants, but there were lingering small amounts of ITCs detected over a week later.

Figure 7 shows the total ITCs measured in the sand soil at Medina in the soil adjacent to the
simulated irrigation cylinder enclosures, where the plant treatment was the same, but no water
was added. Comparison within and between Figs. 6 and 7 indicate that the 20 mm watering
did not greatly enhance ITC concentration, but it did tend to reactivate release of ITCs. When
the 2002 results are compared with those of 2001, the lack of enhancement of release seems
likely to be related to the poor plant pulverisation and the lesser amount of water added.
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Soil total ITC concentrations after 20mm water - sand soil 2002
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Figure 6. Concentration of total ITCs in sand soil at Medina 2 and 24h after adding water on
the designated days for the range of plant treatments.
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Soil total ITC concentrations without applying water - sand 2002
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Figure 7. Concentration of total ITCs in non-watered sand soil at Medina 2 and 24h after
adding water to the adjacent irrigation cylinders on the designated days for the range of plant

treatments.

106



Figure 8 shows a comparison of the ITC concentrations in the sand at Medina with the loam
at Busselton for the same treatments in 2002. Very similar patterns and concentrations are
evident. This further supports the conclusion that the pulverisation of the plant tissue was
inadequate in 2002 — and reinforces the importance of appropriate mulching as a crucial first
step to maximising ITC release. The slightly higher concentration of ITCs in some of the
BQMulch plots at Busselton may be a reflection of the greater biomass achieved there.

Comparison of incorporation treatments and ITC concentraions between
Medina sand and Busseton loam - 2002
(sampled 2-3 hours after incorporation treatment and wetting with 20mm of water)

] - [ Medina sand
- [ZZA4 Busselton loam

27 T -

Average Total ITC Concentration (nmole/g)
L

FM FRR

Treatment

(B): Bgmulch (M) : Mulched only

(F): Fumus (MR) : Mulched & rotary hoed
(MR3) : Mulched & rotary hoed 3 days later
(R

R) : Rotary hoed above ground then rotary hoed into soil

Figure 8. Comparison of total ITC concentration in sandy soil at Medina with that in loam
soil at Busselton for various treatments.
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SECTION 3

Toxicity and biofumigation effects
Background
Toxicity effects

During the HRDC project that preceded this (VG97050), an insect-based bioassay technique
was developed. It used larvae of the relevant soil-dwelling insect whitefringed weevil,
Naupactus leucoloma. This bioassay methodology enabled measurement of the toxicity of
pure ITCs and evaluation of the biofumigation potential of different Brassica tissues.

The studies conducted at that time concentrated on in vitro tests of the small range of pure
ITCs that are commercially available, but which fortunately are also some of the more
common ITCs in the mixtures that commonly occur in Brassica tissue. The tests were carried
out over a range of temperatures (5, 10, 15, 20 °C), representing the range that might
commonly be expected in soils in various growing seasons and locations.

Our bioassay technique tested the vapour toxicity of the various pure compounds. The insects
were not treated directly with the test material; rather they were exposed to the vapour in
sealed flasks. Similarly, the biofumigation effect of Brassica tissue was determined from the
toxicity of the vapours evolved from hydrolysing freeze-dried material.

During the course of this project, the extensive series of bioassays was expanded to include in
vivo studies carried out in the presence of three contrasting soil types from horticultural
production areas (a coarse sand, a loam and a high organic matter peat swamp soil). Earlier
studies (Matthiessen et al. 1996 — Journal of Economic Entomology 89: 1372-1378) had
shown that different soils had different capacities to sorb methyl isothiocyanate, and thereby
dampen its toxic capacity.

In practical terms, depending on the soil type, this would modify the capacity of metham
sodium to control soil-borne pests or diseases in the field. Similarly, it seemed likely that
biofumigant effects could be modified in the same way. The objective of the laboratory
bioassays carried out during this project was to assess this for the same three soils used in the
earlier study with methyl isothiocyanate, using the main ITCs of the two chemical families
represented in brassicas (aliphatic, or chain, types and aromatic, or ring-structured, types), as
well as tissue from the major brassicas being used commercially as ‘best bet’ biofumigants.

A team at the University of Idaho at Moscow has carried out similar studies to ours but they
examined the contact toxicity of various pure ITCs against eggs, also of a weevil, by dipping
the eggs into solutions of the test compounds. It is arguable just what is the mode of toxic
action of ITCs, especially once molecules with varying solubility, volatility, reactivity and
stability are introduced into heterogeneous soil environments. The Idaho studies and ours
usefully complement each other to help gauge what may be happening with various ITCs
introduced into soil from treatment of biofumigant brassicas.

The Idaho team found that aromatic ITCs are intrinsically substantially more toxic than

aliphatic ITCs, but they are very much less volatile and less soluble in water. The question
that arises from this contrast is how it plays out in reality. For example, mustards produce
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high levels of propenyl ITC (aliphatic) (in their shoots) which is intrinsically less toxic, but
more soluble and volatile than the phenylethyl ITC (aromatic), a dominant ITC in fodder
rapes (in their roots). These questions are highly complex and present formidable technical
challenges to answer. Our objective was to make progress towards understanding aspects of
this issue to complement and build on the Idaho team’s findings to move closer to a broader
understanding of how plant-derived ITCs act to suppress soil-borne pests and diseases and
how the positive empirically-observed effects can be enhanced.

Field biofumigation effects

One of the greatest problems in conducting field trials to evaluate the effect of treatments on
reducing damage caused by soil-borne pests and diseases is achieving an adequate or
sufficiently uniform infestation of the pest or disease to conduct statistically rigorous
experimental trials. Usually soil-borne pests and diseases are very patchily distributed and it
is difficult to scout or map the highly infested areas because of the cryptic nature of many of
the pest organisms (small size, microbial, different stages expressed at different times, low
abundance, hidden in soil). Field trials in horticulture are also logistically demanding and
costly, both to set up and in terms of lost product from yield suppression or product that has to
be discarded. These have all been serious issues throughout research on the capacity of
biofumigation to suppress soil-borne pests and diseases.

Discussions with Department of Agriculture, Western Australia (AgWA) colleagues Elaine
Davison and Alan McKay provided an opportunity to resolve this impasse. A site at Medina
Research Station that had been deliberately uniformly infected with the soil-borne disease
Pythium sulcatum, the cause of cavity spot disease in carrots had been established for an
earlier Horticulture Australia-funded project. Following the completion of that work, the site
provided an opportunity to bioassay the effects of biofumigants and the methods used to
release the ITCs from plant tissue and incorporate them into the soil, as the final stage of this
project.

Methods

Laboratory bioassays
In vitro bioassays
Pure isothiocyanates

First instar whitefringed weevil larvae (20 per replicate) were added to 100 ml Erlenmeyer
flasks fitted with a cone/screw 24/29 quickfit stopper sealed with vacuum grease. A piece of
moistened filter paper (approximately 1cm”) was placed on the inside of each flask to hold the
chemical which was injected onto it via a microsyringe through a 13 mm rubber septum held
in the quickfit adapter.

The flask was then put into an incubator at the desired temperature for 24 hours. After 24
hours of exposure the weevils were removed from the flasks and transferred into plastic vials
and kept at 15 °C for a further 72 hours (96 hours after the assay was set up), after which they
were counted and mortality was assessed by probit analysis, correcting for control mortality
using Abbott’s formula.
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Brassica tissue

As above, the larvae were placed in the bottom of 100 ml Erlenmeyer flasks fitted with a
quickfit stopper. However, in this case the plastic threaded top of the quickfit adapter was
replaced with a 6mm rubber stopper with a bent stainless steel pin to act as hook from which a
5.6 x 1.5 cm glass vial (~ 9ml) was suspended. The meal and the appropriate amount of
deionised water were added to the glass vial before the system was sealed.

For masses of meal under 50 mg, 50 pl of water is added, thereafter the volume of water
added in pl was 1.5 times the mass of Brassica material used, i.e. for 100 mg of Brassica
meal 150 pl water was used.

For assays involving over 100 mg of Brassica meal, the method was altered such that the
WEFW larvae were placed in the suspended glass vial whilst the tissue was put in the bottom
of the flask.

In vivo bioassays
Pure isothiocyanates

The apparatus and methodology was generally the same as for the in vitro bioassays, but with
some modification to ensure separation of the small insects (only 1mm long) from the soil.
This was necessary, as it proved impossible to readily separate the insects from the soil and
determine whether they were dead or alive from the assay treatment or as a result of the
handling required to separate them from the soil.

The chemical was injected directly onto 10g soil in the base of the Erlenmeyer flask. The soil
was then mixed and the weevils suspended in the glass vial from the rubber stopper, as for the
Brassica tissue assays when more than 100mg tissue was used.

Brassica tissue

These assays were carried out by mixing the Brassica tissue with 10 g soil prepared to
moisture content 70% of field capacity in the bottom of the flask. The weevils, in the
suspended glass vial, were exposed to volatiles from the hydrolising meal for 24 hours and
their mortality was assessed after 96 hours.

Field assessments

As part of the AgWA studies on cavity spot disease management the Pythium ‘nursery’ site at
Medina R.S. had been cropped with various rotational (non-carrot) plots. These may have
impacted on the uniformity of the Pythium infection over the area. In preparation for the
biofumigation trials, the whole area was sown to a highly Pythium sensitive carrot variety in
early September 2001. The objective of this crop was to build and make as uniform as
possible the Pythium inoculum over the area. These carrots were sampled in an intensive grid
over the area in early January 2002 to essentially map the Pythium level.

The area then remained fallow until preparations for sowing the brassicas and setting up the
treatment plots in June 2002. Such fallowing is not detrimental to the Pythium.

111



Planting plan CSIRO biofumigation trial 2002 AgWA Medina Research Station

Schematic site
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(Treatments 4 & 7 need plastic cover when irrigating on days 1 & 2.) BRR: rape, RH above + below
ground
Figure 1. Plot layout and treatment plan for assessment of biofumigation against Pythium

sulcatum and for measurement of ITCs in soil at Medina Research Centre.

Figure 1 shows schematically the plot layout for the biofumigation study and the separate
plots for the accompanying soil chemistry study. A similar intensive soil chemistry study was
carried out at Taylor’s property on loam soil at Busselton (see details of soil chemistry work
in the Component 2 section of this report above).

The experimental design was a randomised complete block of eight treatments and three
replications. Each plot was the width of three 1.5m-wide carrot beds and 10m long, with a

Sm buffer between each as detailed in Fig. 1.

The plots were sown in June 2002, with

mulching and associated treatments being carried out on 7 October 2002. Plots that were
mulched and the plant material allowed to dry on the surface prior to incorporation were
covered with plastic sheet during the daily irrigation on the two days following mulching.
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After completing the treatment regime on the brassicas the area was left fallow until February
2003 when it was prepared for sowing to carrots to evaluate treatment effects. A relatively
old currently non-commercially preferred Pythium-sensitive cultivar was sown over the whole
area in March 2003, with the objective of maximising determination of treatment effects.
Unfortunately, this coincided with a lengthy period of extremely hot weather. Germination
was poor, which may have been related to the severe heat or it may have been a result of a
batch of poor seed. The result was that it was clear from early on that yield assessment was
unlikely to provide meaningful results. Sampling therefore was directed only at determining
the impacts of infection by the disease.

Seedlings were sampled in early April when they were about 2cm tall. After thorough rinsing
in water the taproot of 20 plants from each treatment was excised from the top and the lateral
hair roots were carefully removed with a scalpel. The taproot was then cut into five pieces
which were all plated onto a Pythium-selective agar in a single Petri dish and incubated for
four days.

A count was then made of the number of root segments that had produced a Pythium colony.
The proportion of plants producing at least one colony gave a measure of Pythium incidence,
while the number of root segments from each plant, aggregated over all plants in the sample
for a treatment, provided a measure of the severity of the Pythium infection.

When the carrots were mature (June 2003), samples were taken and assessed for cavity spot
infection and other damage parameters such as forking and stumping and other such
deformities associated with Pythium lesions destroying seedling taproot tissue. They were
also allocated into various marketable categories.

Results and discussion
ITC characteristics

Table 1 summarises key physicochemical characteristics of the two aliphatic (methyl and
propenyl), and two aromatic (benzyl and 2-phenylethyl) ITCs used in the bioassays. It also
includes contact toxicity information drawn from the work of Borek ef al. at the University of
Idaho.

Although methyl ITC occurs very rarely in brassicas, it is highly relevant as a benchmark
because it is the ITC, and active toxin, produced from hydrolysis of metham sodium, the
commercial fumigant-like pesticide. Propenyl ITC occurs as the predominant ITC in the
shoots of mustards. 2-phenylethyl ITC is common in the roots of fodder rapes. Although
benzyl is not a major ITC in many brassicas, it was included because it is one of the few ITCs
available commercially and as a second aromatic ITC for comparative purposes.

It can be seen that MITC is essentially 5x more volatile and 4x as soluble in water as propenyl
ITC, while the aromatic ITCs have very limited volatility and are very insoluble. In contrast,
the aromatic ITCs have a vastly greater contact toxicity than the aliphatic ITCs.

Laboratory bioassays

Table 2 gives the LDsy and LDys values and the slope of the dose response line from the
probit analyses of the bioassay data for the pure ITCs tested, at each temperature for the in
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vitro and in vivo studies. Also included in Table 2 is the ratio of the LDsy and LDgs compared
to the equivalent value for metham sodium in the same medium, to provide a comparative
evaluation of efficacy relative to the commercial pesticide.

Tables 3-5 include also the data for the Brassica tissue bioassays. The fodder rape used was
the ‘C’ component of BQMulch, the commercial biofumigant marketed by Wrightson Seeds.
BQMulch consists of a mixture of two or three fodder rapes. Component C has the highest
concentration of 2-phenylethyl ITC, and it tends to be the most dominant component of the
mix in its biomass production.

Table 3 shows the LD ratios based on comparison with the in vitro results within each
compound, while Table 4 shows the ratio relative to metham sodium in vitro and Table 5
shows it relative to MITC in vitro.

The vapour toxicity tests carried out as part of this project show that propenyl ITC is only
about 0.25 times as toxic as MITC at 10 °C, while benzyl ITC was 0.5 times as toxic and 2-
phenylethyl ITC was only 0.2 times as toxic as MITC at 10 °C. These ratios contrasted
sharply with those of Borek ef al’s contact tests where propenyl ITC was around 2.5 times
more toxic than MITC and benzyl and 2-phenylethyl ITCs were around 75 and 100 times
more toxic.

These highly contrasting results raise questions about how ITCs behave in soil, how they
achieve their pesticidal effect and just what is the real comparative toxicity or biofumigation
potential of each one in the soil environment. These are bigger and more complex questions
than could be covered by the scope of this project.

Table 1. Physicochemical characteristics of the two aliphatic and two aromatic ITCs used in
the bioassays, and their contact toxicity as determined by bioassay against black vine weevil
eggs (Borek et al. 1995. J. Economic Entomology 88: 1192-1196).

ITC Molecular  Boiling Vapour Solubility ~ Toxicity ~ LCy ratio
weight  Point (°C)  Pressure  (g/L H,O) (LCyp) (to MITC)

(mm Hg) mg/L
Methyl 73.118 119 23.6 7.6 174.2 1.0
Propenyl 99.156 152 53 2.0 73.8 24
Benzyl 149.215 242 <l n.a. 23 75.7
2-phenylethyl 163.240 248 n.a. 0.11 1.8 96.8

Figure 2 shows the relative toxicity of each compound or tissue tested in the bioassays, for
each soil medium and at each temperature. A log y-axis is used to place all plots on the same
scale because of the very large range in the data, but as it makes visualising the information
more difficult Tables 2-5 can be referred to for the actual data, while figures following Fig. 5
show more specific aspects of these data plotted on y-axis scales relevant to within-material,
rather than between-material comparisons.
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Tables 2-5. Summary of all bioassay data. Each table compares different ratios of LDsy and LDys values.

Table 2.
‘ ‘Bioassay summary‘ - vapour (LD val‘ues - mg/1/24h) (tiss‘ue: mg)‘ ‘ ‘ ‘
LD ratio (LDR) va‘lues relative to rTetham (in same me‘dium) ‘ ‘ ‘ ‘
ITC Medium 5deg. C 10deg. C 15deg. C 20deg. C
LD50 |LDR50| LD95 |LDR95| slope| LD50 |LDR50| LD95 |LDR95| slope LD50 |LDR50| LD95 |LDR95| slope LD50 |LDR50| LD95 |LDR95
Medium 5 5 10 10 15 15 20
metham in vitro 0.068| 1.0000 0.120| 1.0000| 31.669 0.063| 1.0000| 0.094| 1.0000| 51.865 0.050| 1.0000| 0.067| 1.0000| 100.547 0.046| 1.0000| 0.061| 1.0000
sand 0.569 0.653 19.520 0.329 0.434 15.730 0.226 0.367 11.720 0.255 0.323
loam 0.651 0.848 8.370 0.387 0.570 9.020 0.322 0.478 10.550 0.274 0.334
peat 3.106 4.351 1.320 1.041 1.393 4.670 1.239 1.582 4.790 0.671 0.929
Aliphatic Medium 5 5 10 10 15 15 20
MITC in vitro 0.052| 1.3077 0.070| 1.7143| 91.110 0.036| 1.7500| 0.052| 1.8077| 102.110 0.033| 1.5152|  0.046| 1.4565| 127.070 0.027| 1.7037| 0.034| 1.7941
sand 1.006| 0.5656 1.287| 0.5074| 5.854 0.480| 0.6854| 0.599| 0.7245| 13.814 0.375| 0.6027| 0.492| 0.7459| 14.046 0.237|1.0759| 0.292| 1.1062
loam 0.962| 0.6767 1.210| 0.7008| 6.645 0.454| 0.8524| 0.593| 0.9612| 11.847 0.340| 0.9471 0.440| 1.0864| 16.407 0.217]1.2627| 0.276| 1.2101
peat 2.886| 1.0762 3.415/1.2741| 3.112 1.290| 0.8070| 1.653] 0.8427| 4.523 0.901| 1.3751 1.192] 1.3272| 5.646 0.642| 1.0452| 0.830| 1.1193
Medium 5 5 10 10 15 15 20
propenyl in vitro 0.239| 0.2845 0.296| 0.4054| 28.652 0.166| 0.3795| 0.211]| 0.4455| 36.648 0.153| 0.3268| 0.213| 0.3146| 27.400 0.131] 0.3511 0.175| 0.3486
sand 1.926| 0.2954 2.151| 0.3036] 7.293 1.226| 0.2684| 1.716] 0.2529| 3.357 1.031] 0.2192| 1.354| 0.2710| 5.107 0.758| 0.3364| 0.996| 0.3243
loam 2.011) 0.3237 2.465| 0.3440| 3.622 1.294| 0.2991 1.615| 0.3529| 5.110 1.196] 0.2692| 1.581] 0.3023| 4.275 0.836| 0.3278| 1.024| 0.3262
peat 10.715/ 0.2899| 12.912| 0.3370| 0.749 4.573| 0.2276| 5.760| 0.2418| 1.386 4.309| 0.2875| 5.583|0.2834| 1.292 2.546| 0.2636| 3.149| 0.2950
Aromatic Medium 5 5 10 10 15 15 20
benzyl in vitro 0.114| 0.5965 0.182| 0.6593| 24.406 0.072| 0.8750| 0.097| 0.9691| 64.535 0.079] 0.6329| 0.103| 0.6505| 66.734 0.073| 0.6301 0.095| 0.6421
sand 7.984| 0.0713] 11.635| 0.0561| 0.450 3.874| 0.0849| 4.830| 0.0899| 1.720 3.1563| 0.0717| 3.935| 0.0933| 2.104 3.125/0.0816| 4.153| 0.0778
loam 5.165| 0.1260 6.641| 0.1277| 1.115 3.107| 0.1246] 4.701| 0.1213| 1.032 2.794| 0.1152| 3.517| 0.1359| 2.274 2.081]0.1317| 2.594| 0.1288
peat 68.850| 0.0451 91.549| 0.0475| 0.072| 45.004| 0.0231| 54.871| 0.0254| 0.167 31.543| 0.0393| 39.446| 0.0401| 0.208 21.812] 0.0308| 27.171] 0.0342
Medium 5 5 10 10 15 15 20
phenylethyl in vitro 0.146| 0.4658 0.236| 0.5085| 18.230 0.117| 0.5385| 0.226]| 0.4159| 15.145 0.069| 0.7246| 0.098| 0.6837| 57.780 0.077] 0.5974| 0.096| 0.6354
sand 26.453| 0.0215| 51.883| 0.0126| 0.065 9.027| 0.0364| 21.572| 0.0201 0.131 4.712]/ 0.0480| 6.148/0.0597| 1.145 2.925|0.0872| 3.731| 0.0866
loam 26.956| 0.0242| 56.326| 0.0151| 0.056 6.612| 0.0585| 23.825| 0.0239| 0.096 5.462| 0.0590| 7.532| 0.0635| 0.794 2.839| 0.0965| 3.774| 0.0885
peat 945.393| 0.0033| 3284.843| 0.0013] 0.001 82.965| 0.0125]| 207.511] 0.0067| 0.013 70.142| 0.0177] 102.477| 0.0154|  0.051 34.250| 0.0196| 44.585| 0.0208
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Table 3.

LD ratio (LDR) values relative to in vitro (within each compound)

5deg. C 10deg. C 15deg. C 20deg. C
LD50 |LDR50| LD95 |LDR95| slope| LD50 |LDR50| LD95 |LDR95| slope LD50 |LDR50| LD95 |LDR95| slope LD50 |LDR50| LD95 |LDR95
Medium 5 5 5 10 10 10 15 15 15 20 20
metham in vitro 0.068| 1.0000 0.120| 1.0000| 31.669 0.063| 1.0000| 0.094| 1.0000| 51.865 0.050| 1.0000| 0.067| 1.0000| 100.547 0.046| 1.0000| 0.061| 1.0000
sand 0.569| 0.1195 0.653| 0.1838| 19.520 0.329| 0.1915| 0.434| 0.2166| 15.730 0.226| 0.2212| 0.367| 0.1826| 11.720 0.255| 0.1804| 0.323| 0.1889
loam 0.651| 0.1045 0.848| 0.1415| 8.370 0.387| 0.1628| 0.570| 0.1649| 9.020 0.322| 0.1553| 0.478| 0.1402| 10.550 0.274| 0.1679| 0.334| 0.1826
peat 3.106| 0.0219 4.351| 0.0276| 1.320 1.041| 0.0605| 1.393| 0.0675| 4.670 1.239| 0.0404| 1.582| 0.0424| 4.790 0.671| 0.0686| 0.929| 0.0657
Medium 5 5 5 10 10 10 15 15 15 20 20
MITC in vitro 0.052| 1.0000 0.070] 1.0000| 91.110 0.036| 1.0000| 0.052| 1.0000| 102.110 0.033] 1.0000] 0.046| 1.0000| 127.070 0.027| 1.0000f 0.034| 1.0000
sand 1.006| 0.0517 1.287| 0.0544| 5.854 0.480| 0.0750| 0.599| 0.0868| 13.814 0.375| 0.0880| 0.492| 0.0935| 14.046 0.237| 0.1139| 0.292| 0.1164
loam 0.962| 0.0541 1.210| 0.0579| 6.645 0.454| 0.0793| 0.593| 0.0877| 11.847 0.340| 0.0971 0.440| 0.1045| 16.407 0.217| 0.1244| 0.276| 0.1232
peat 2.886| 0.0180 3.415| 0.0205, 3.112 1.290| 0.0279| 1.653| 0.0315| 4.523 0.901| 0.0366| 1.192| 0.0386| 5.646 0.642| 0.0421 0.830| 0.0410
Medium 5 5 5 10 10 10 15 15 15 20 20
propenyl in vitro 0.239| 1.0000 0.296| 1.0000| 28.652 0.166| 1.0000| 0.211] 1.0000| 36.648 0.153| 1.0000| 0.213] 1.0000| 27.400 0.131| 1.0000| 0.175| 1.0000
sand 1.926| 0.1241 2.151| 0.1376| 7.293 1.226| 0.1354| 1.716| 0.1230| 3.357 1.031| 0.1484| 1.354| 0.1573| 5.107 0.758| 0.1728| 0.996| 0.1757
loam 2.011] 0.1188 2.465| 0.1201| 3.622 1.294| 0.1283| 1.615/ 0.1307| 5.110 1.196| 0.1279| 1.581|0.1347| 4.275 0.836| 0.1567| 1.024| 0.1709
peat 10.715| 0.0223| 12.912| 0.0229| 0.749 4.573| 0.0363| 5.760| 0.0366| 1.386 4.309| 0.0355| 5.583| 0.0382| 1.292 2.546| 0.0515| 3.149| 0.0556
Medium 5 5 5 10 10 10 15 15 15 20 20
Mustard meal in vitro 24.600/ 1.0000/ 43.500| 1.0000| 0.090 10.200| 1.0000| 21.300| 1.0000| 0.149 7.900| 1.0000| 13.000| 1.0000| 0.320 6.800| 1.0000| 11.500| 1.0000
sand 50.900| 0.4833| 71.700| 0.6067| 0.079 35.000| 0.2914| 52.800| 0.4034| 0.092 31.100| 0.2540| 44.000| 0.2955| 0.128 31.300| 0.2173| 38.500| 0.2987
loam 65.100| 0.3779| 93.800| 0.4638| 0.057 36.800| 0.2772| 55.600| 0.3831 0.087 28.000| 0.2821| 41.000| 0.3171 0.125 23.700| 0.2869| 36.500| 0.3151
peat 441.900| 0.0557| 718.300| 0.0606| 0.006| 143.000| 0.0713| 224.800| 0.0948| 0.020| 118.400| 0.0667| 165.900| 0.0784| 0.350 93.300| 0.0729| 125.600| 0.0916
Medium 5 5 5 10 10 10 15 15 15 20 20
benzyl in vitro 0.114| 1.0000 0.182| 1.0000| 24.406 0.072| 1.0000| 0.097| 1.0000| 64.535 0.079| 1.0000| 0.103| 1.0000| 66.734 0.073| 1.0000| 0.095| 1.0000
sand 7.984| 0.0143| 11.635| 0.0156| 0.450 3.874| 0.0186| 4.830| 0.0201 1.720 3.153| 0.0251 3.935| 0.0262| 2.104 3.125| 0.0234| 4.153| 0.0229
loam 5.165| 0.0221 6.641| 0.0274| 1.115 3.107| 0.0232| 4.701| 0.0206| 1.032 2.794| 0.0283| 3.517|0.0293| 2.274 2.081| 0.0351 2.594| 0.0366
peat 68.850| 0.0017| 91.549| 0.0020| 0.072 45.004| 0.0016| 54.871| 0.0018| 0.167 31.543| 0.0025| 39.446| 0.0026| 0.208 21.812| 0.0033| 27.171| 0.0035
Medium 5 5 5 10 10 10 15 15 15 20 20
phenylethyl in vitro 0.146| 1.0000 0.236] 1.0000| 18.230 0.117] 1.0000| 0.226] 1.0000| 15.145 0.069| 1.0000f 0.098| 1.0000| 57.780 0.077| 1.0000f 0.096| 1.0000
sand 26.453| 0.0055| 51.883| 0.0045| 0.065 9.027| 0.0130| 21.572| 0.0105| 0.131 4.712| 0.0146| 6.148| 0.0159| 1.145 2.925| 0.0263| 3.731| 0.0257
loam 26.956| 0.0054| 56.326| 0.0042| 0.056 6.612| 0.0177| 23.825| 0.0095| 0.096 5.462| 0.0126| 7.532| 0.0130| 0.794 2.839| 0.0271 3.774| 0.0254
peat 945.393| 0.0002| 3284.843| 0.0001| 0.001 82.965| 0.0014| 207.511| 0.0011 0.013 70.142| 0.0010| 102.477| 0.0010| 0.051 34.250| 0.0022| 44.585| 0.0022
Medium 5 5 5 10 10 10 15 15 15 20 20
BQMulchC root |in vitro 191.144| 1.0000| 480.362| 1.0000| 0.006 49.532| 1.0000| 102.149| 1.0000| 0.031 32.817| 1.0000| 69.985| 1.0000| 0.044 21.220| 1.0000| 35.657| 1.0000
sand 652.465| 0.2930| 912.562| 0.5264| 0.006| 188.487| 0.2628| 251.452| 0.4062| 0.026| 149.669| 0.2193| 202.865| 0.3450, 0.031| 118.919| 0.1784| 145.462| 0.2451
loam 645.614| 0.2961| 1229.388| 0.3907| 0.003| 142.297| 0.3481| 197.864| 0.5163| 0.030 98.137| 0.3344| 149.989| 0.4666| 0.032 78.199| 0.2714| 109.509| 0.3256
peat na na na na na na na na na na na
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Table 4.

Bioassay summary - vapour (LD values - mg/l/24h) (tissue: mg)

LD ratio (LDR) values relative to metham in vitro

5deg. C 10deg. C 15deg. C 20deg. C
LD50 |[LDR50| LD95 |LDR95| slope| LD50 |LDR50| LD95 |LDR95| slope LD50 |LDR50| LD95 |[LDR95| slope LD50 |LDR50| LD95 |LDR95
Medium 5deg 10deg 15deg 20deg
metham in vitro 0.068| 1.0000 0.120| 1.0000| 31.669 0.063| 1.0000| 0.094| 1.0000| 51.865 0.050| 1.0000| 0.067| 1.0000| 100.547 0.046| 1.0000) 0.061| 1.0000
sand 0.569| 0.1195 0.653| 0.1838| 19.520 0.329| 0.1915| 0.434| 0.2166| 15.730 0.226| 0.2212|  0.367| 0.1826| 11.720 0.255| 0.1804| 0.323| 0.1889
loam 0.651| 0.1045 0.848| 0.1415| 8.370 0.387| 0.1628| 0.570| 0.1649| 9.020 0.322]| 0.1553| 0.478| 0.1402| 10.550 0.274| 0.1679| 0.334| 0.1826
peat 3.106| 0.0219 4.351| 0.0276] 1.320 1.041| 0.0605| 1.393| 0.0675| 4.670 1.239| 0.0404| 1.582| 0.0424| 4.790 0.671| 0.0686| 0.929| 0.0657
Medium 5 10 15 20
MITC in vitro 0.052| 1.3077 0.070| 1.7143| 91.110 0.036| 1.7500] 0.052| 1.8077| 102.110 0.033] 1.5152| 0.046| 1.4565| 127.070 0.027| 1.7037| 0.034| 1.7941
sand 1.006| 0.0676 1.287| 0.0932| 5.854 0.480| 0.1313] 0.599| 0.1569| 13.814 0.375/ 0.1333] 0.492| 0.1362| 14.046 0.237)| 0.1941 0.292| 0.2089
loam 0.962| 0.0676 1.210| 0.0992| 6.645 0.454| 0.1313] 0.593| 0.1585| 11.847 0.340| 0.1471 0.440| 0.1523| 16.407 0.217|0.2120) 0.276| 0.2210
peat 2.886| 0.0707 3.415/ 0.0351| 3.112 1.290| 0.1388| 1.653| 0.0569| 4.523 0.901]| 0.0555| 1.192| 0.0562| 5.646 0.642| 0.0717| 0.830| 0.0735
Medium 5 10 15 20
propenyl in vitro 0.239| 0.2845 0.296| 0.4054| 28.652 0.166| 0.3795| 0.211] 0.4455| 36.648 0.153]| 0.3268| 0.213] 0.3146| 27.400 0.131) 0.3511 0.175| 0.3486
sand 1.926| 0.0353 2.151| 0.0558| 7.293 1.226| 0.0514| 1.716| 0.0548| 3.357 1.031| 0.0485| 1.354| 0.0495| 5.107 0.758| 0.0607| 0.996| 0.0612
loam 2.011)| 0.0338 2.465| 0.0487| 3.622 1.294| 0.0487| 1.615| 0.0582| 5.110 1.196| 0.0418| 1.581| 0.0424| 4.275 0.836| 0.0550, 1.024| 0.0596
peat 10.715/ 0.0063| 12.912| 0.0093| 0.749 4.573| 0.0138| 5.760| 0.0163| 1.386 4.309| 0.0116] 5.583| 0.0120] 1.292 2.546| 0.0181 3.149| 0.0194
Medium 5 10 15 20
benzyl in vitro 0.114| 0.5965 0.182] 0.6593| 24.406 0.072| 0.8750| 0.097| 0.9691| 64.535 0.079]| 0.6329| 0.103| 0.6505| 66.734 0.073) 0.6301 0.095| 0.6421
sand 7.984| 0.0085| 11.635| 0.0103| 0.450 3.874| 0.0163| 4.830| 0.0195| 1.720 3.1563| 0.0159| 3.935| 0.0170| 2.104 3.125/ 0.0147| 4.153| 0.0147
loam 5.165| 0.0132 6.641| 0.0181| 1.115 3.107| 0.0203| 4.701] 0.0200| 1.032 2.794| 0.0179| 3.517| 0.0191 2.274 2.081) 0.0221 2.594| 0.0235
peat 68.850| 0.0010| 91.549| 0.0013| 0.072 45.004| 0.0014| 54.871| 0.0017| 0.167 31.543| 0.0016| 39.446| 0.0017| 0.208 21.812] 0.0021| 27.171| 0.0022
Medium 5 10 15 20
phenylethyl in vitro 0.146| 0.4658 0.236| 0.5085| 18.230 0.117]| 0.5385| 0.226| 0.4159| 15.145 0.069| 0.7246| 0.098| 0.6837| 57.780 0.077| 0.5974| 0.096| 0.6354
sand 26.453| 0.0026| 51.883| 0.0023| 0.065 9.027| 0.0070| 21.572| 0.0044| 0.131 4.712| 0.0106| 6.148| 0.0109| 1.145 2.925| 0.0157| 3.731]/ 0.0163
loam 26.956| 0.0025| 56.326| 0.0021| 0.056 6.612| 0.0095| 23.825| 0.0039| 0.096 5.462| 0.0092| 7.532| 0.0089| 0.794 2.839| 0.0162| 3.774)| 0.0162
peat 945.393| 0.0001| 3284.843| 0.0000| 0.001 82.965| 0.0008| 207.511| 0.0005| 0.013 70.142| 0.0007| 102.477| 0.0007| 0.051 34.250| 0.0013| 44.585| 0.0014
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Table 5.

LD ratio (LDR) values relative to MITC in vitro

5deg. C 10deg. C 15deg. C 20deg. C
LD50 |LDR50| LD95 |LDR95| slope| LD50 |LDR50| LD95 |LDR95| slope LD50 |LDR50| LD95 |LDR95| slope LD50 |LDR50| LD95 |LDR95
Medium 5 5 5 10 10 10 15 15 15 20 20
metham in vitro 0.068| 0.7647 0.120] 0.5833| 31.669 0.063| 0.5714| 0.094| 0.5532| 51.865 0.050| 0.6600] 0.067| 0.6866| 100.547 0.046| 0.5870| 0.061| 0.5574
sand 0.569| 0.0914 0.653| 0.1072| 19.520 0.329| 0.1094| 0.434]0.1198| 15.730 0.226| 0.1460| 0.367] 0.1253| 11.720 0.255| 0.1059| 0.323] 0.1053
loam 0.651| 0.0799 0.848| 0.0825| 8.370 0.387| 0.0930| 0.570| 0.0912] 9.020 0.322| 0.1025| 0.478| 0.0962| 10.550 0.274| 0.0985| 0.334| 0.1018
peat 3.106| 0.0167 4.351| 0.0161] 1.320 1.041| 0.0346| 1.393| 0.0373| 4.670 1.239| 0.0266| 1.582| 0.0291 4.790 0.671| 0.0402| 0.929| 0.0366
Medium 5 5 10 10 10 15 15 15 20 20
MITC in vitro 0.052| 1.0000 0.070| 1.0000| 91.110 0.036| 1.0000| 0.052| 1.0000| 102.110 0.033| 1.0000| 0.046| 1.0000| 127.070 0.027| 1.0000| 0.034| 1.0000
sand 1.006| 0.0517 1.287| 0.0544| 5.854 0.480| 0.0750| 0.599| 0.0868| 13.814 0.375| 0.0880| 0.492| 0.0935| 14.046 0.237| 0.1139| 0.292| 0.1164
loam 0.962| 0.0541 1.210| 0.0579| 6.645 0.454| 0.0793| 0.593| 0.0877| 11.847 0.340| 0.0971 0.440| 0.1045| 16.407 0.217] 0.1244| 0.276| 0.1232
peat 2.886| 0.0180 3.415| 0.0205, 3.112 1.290| 0.0279| 1.653| 0.0315| 4.523 0.901] 0.0366| 1.192] 0.0386| 5.646 0.642| 0.0421 0.830| 0.0410
Medium 5 5 10 10 10 15 15 15 20 20
propenyl in vitro 0.239| 0.2176 0.296| 0.2365| 28.652 0.166| 0.2169| 0.211] 0.2464| 36.648 0.153] 0.2157] 0.213]| 0.2160| 27.400 0.131] 0.2061 0.175/ 0.1943
sand 1.926| 0.0270 2.151| 0.0325| 7.293 1.226| 0.0294| 1.716| 0.0303| 3.357 1.031) 0.0320| 1.354| 0.0340| 5.107 0.758| 0.0356| 0.996| 0.0341
loam 2.011] 0.0259 2.465| 0.0284| 3.622 1.294| 0.0278| 1.615/ 0.0322| 5.110 1.196| 0.0276] 1.581| 0.0291 4.275 0.836| 0.0323| 1.024| 0.0332
peat 10.715] 0.0049| 12.912| 0.0054| 0.749 4.573| 0.0079| 5.760| 0.0090| 1.386 4.309| 0.0077| 5.583|0.0082| 1.292 2.546| 0.0106| 3.149| 0.0108
Medium 5 5 10 10 10 15 15 15 20 20
Mustard meal in vitro 24.600| 0.0021| 43.500| 0.0016| 0.090 10.200| 0.0035| 21.300| 0.0024| 0.149 7.900| 0.0042| 13.000| 0.0035| 0.320 6.800| 0.0040| 11.500| 0.0030
sand 50.900/ 0.0010/ 71.700| 0.0010| 0.079 35.000| 0.0010| 52.800| 0.0010| 0.092 31.100| 0.0011| 44.000| 0.0010| 0.128 31.300/| 0.0009| 38.500| 0.0009
loam 65.100| 0.0008| 93.800| 0.0007| 0.057 36.800| 0.0010| 55.600| 0.0009| 0.087 28.000| 0.0012| 41.000| 0.0011 0.125 23.700| 0.0011] 36.500/ 0.0009
peat 441.900| 0.0001| 718.300| 0.0001| 0.006| 143.000| 0.0003| 224.800| 0.0002| 0.020| 118.400| 0.0003| 165.900| 0.0003| 0.350 93.300/| 0.0003| 125.600| 0.0003
Medium 5 5 10 10 10 15 15 15 20 20
benzyl in vitro 0.114] 0.4561 0.182] 0.3846| 24.406 0.072| 0.5000| 0.097| 0.5361| 64.535 0.079] 0.4177] 0.103]| 0.4466| 66.734 0.073] 0.3699| 0.095| 0.3579
sand 7.984| 0.0065| 11.635| 0.0060| 0.450 3.874| 0.0093| 4.830| 0.0108| 1.720 3.153| 0.0105| 3.935| 0.0117| 2.104 3.125| 0.0086| 4.153| 0.0082
loam 5.165| 0.0101 6.641| 0.0105| 1.115 3.107| 0.0116] 4.701] 0.0111 1.032 2.794| 0.0118| 3.517] 0.0131 2.274 2.081| 0.0130| 2.594| 0.0131
peat 68.850| 0.0008| 91.549| 0.0008| 0.072 45.004| 0.0008| 54.871| 0.0009| 0.167 31.543| 0.0010| 39.446| 0.0012| 0.208 21.812| 0.0012| 27.171| 0.0013
Medium 5 5 10 10 10 15 15 15 20 20
phenylethyl in vitro 0.146| 0.3562 0.236| 0.2966| 18.230 0.117| 0.3077| 0.226| 0.2301| 15.145 0.069| 0.4783| 0.098| 0.4694| 57.780 0.077| 0.3506| 0.096| 0.3542
sand 26.453| 0.0020| 51.883| 0.0013| 0.065 9.027| 0.0040| 21.572| 0.0024| 0.131 4.712| 0.0070| 6.148| 0.0075| 1.145 2.925| 0.0092| 3.731| 0.0091
loam 26.956| 0.0019| 56.326| 0.0012| 0.056 6.612| 0.0054| 23.825| 0.0022| 0.096 5.462| 0.0060| 7.532| 0.0061 0.794 2.839| 0.0095| 3.774| 0.0090
peat 945.393| 0.0001| 3284.843| 0.0000| 0.001 82.965| 0.0004| 207.511] 0.0003| 0.013 70.142| 0.0005| 102.477| 0.0004| 0.051 34.250| 0.0008| 44.585| 0.0008
Medium 5 5 10 10 10 15 15 15 20 20
BQMulichC root |in vitro 191.144| 0.0003| 480.362| 0.0001| 0.006 49.532| 0.0007| 102.149| 0.0005|  0.031 32.817| 0.0010| 69.985| 0.0007| 0.044 21.220| 0.0013| 35.657| 0.0010
sand 652.465| 0.0001| 912.562| 0.0001| 0.006| 188.487| 0.0002| 251.452| 0.0002| 0.026| 149.669| 0.0002| 202.865| 0.0002| 0.031| 118.919| 0.0002| 145.462| 0.0002
loam 645.614| 0.0001| 1229.388| 0.0001| 0.003| 142.297| 0.0003| 197.864| 0.0003| 0.030 98.137| 0.0003| 149.989| 0.0003| 0.032 78.199| 0.0003| 109.509| 0.0003
peat na na na na na na na na na na na
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As would be expected, the pattern of response for MITC and metham sodium was closely
similar. Generally, above 10 °C the toxicity of all test materials except phenylethyl ITC
tended to remain fairly constant. Most showed a relatively sharper falling-off in toxicity
tending below 10 °C, a characteristic that was much more pronounced with phenylethyl ITC.
This is to be expected for this least volatile of the ITCs tested.

The vapour toxicity of all pure ITCs tested was similar in vitro, with the LDys being in the
range of around 0.1 — 1.0 mg/1/24h (Fig. 2, Fig 6). Given the vastly different volatility of the
compounds (Table 1) this is at first surprising. However, it appears that contact toxicity
(which may, arguably, be viewed as the ‘inherent’ toxicity) that has a trend in reverse of
volatile toxicity, offsets the volatility effect. This raises very important questions of the mode
of action of ITCs (i.e. contact or respiratory) - and how to determine it, especially in soil.

For the bioassays carried out in the three soils, in all cases the results showed a substantial (c.
10 to1000-fold or more) ‘dampening’ of the toxicity (Fig. 2, Figs 7-16). The materials all
behaved similarly in the sand and the loam (3.26 and 6.77% organic matter respectively). The
effects of the soil varied between the aliphatic ITCs, where toxicity was dampened around 10-
fold, and the aromatic ITCs where it was reduced over 100-fold. The suppressive effects of
the soil type on ITC toxicity were strongest for phenylethyl ITC.

It was in the peat soil (31.55% organic matter - which is an extreme example), that the
toxicity was most severely dampened. It is known that methyl ITC is rapidly and strongly
sorbed by soil, particularly the high organic matter peat soil (published for the same soils as
used in these bioassays: Matthiessen et al. 1996 J. Economic Entomology 89: 1372-1378). It
appears from the present bioassay results that the variation in the soil organic matter content
between the sand and the loam, even though doubled, was below some absolute threshold
where sorption effects become very strong.

This was somewhat surprising, but good, news. The sand was the coarse soil common to the
Swan coastal plain, WA, and typical of the intensive horticultural operations there, while the
loam was from a typical horticultural situation near Pemberton, WA where the soil would
typically be considered substantially ‘richer’ than the sand.

In both cases of the Brassica tissues there was less separation of the toxicity levels between
the different media than occurred with the pure ITCs. However, attempts to achieve high
levels of mortality using the BQMulch(C) tissue in the peat soil proved not to be possible at
the amounts of tissue that could be accommodated in the experimental apparatus.

The toxicity of the mustard tissue was markedly reduced in the peat soil at the lowest
temperature (Fig. 13), while temperature below 10 °C caused a marked decline in the toxicity
of the fodder rape root tissue in all media (Fig. 16).

Figure 3 shows the slope of the dose-response lines for each bioassay. There was
considerable variation in the biological activity between the compounds and tissues, as
evidenced by how rapidly the response changed with increasing dose. Again, the need to
accommodate the wide range of values through use of a log scale makes detailed comparisons
difficult. Following figures (Figs. 17-20) show more detailed comparisons using different y-
axis scales to suit the data.
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Reference to Fig. 3 and Figs. 17-20 show various aspects: the slope of the dose-response lines
was consistently greater for MITC and metham sodium and it tended to rise more sharply
with increase in temperature for those than the other compounds, it was very steep in vitro for
all pure ITCs but was substantially damped in vivo, particularly in the peat soil, while it was
very flat in all test situations for the plant tissues. In summary, the presence of soil exerts the
major influence in flattening the slope of the response of the bioassay insects to ITCs.

In Fig. 4 the ratio of the LDys values for each compound or tissue in vivo is calculated relative
to the value for the same compound or tissue determined in vitro, to gauge how the soil
affects the ‘pure’ vapour toxicity of the compounds and tissues. Figs. 21-23 show the data on
a linear y-axis scale. Generally, the toxicity of the compounds and tissues in vivo was a small
fraction (up to c. 20%) of the in vitro values and was little influenced by temperature in the
case of the pure ITCs.

Intriguingly, the ratio was much greater for the two plant tissues, particularly in the sand and
loam. This indicated that the soils were not damping the effect of the tissues as much as the
pure compounds. Why this should be the case is obscure; however, it needs to be borne in
mind that the amounts of tissue required to obtain effects were always quite substantial.

In sand there was also a clear temperature effect, but with opposite trend than may have been
anticipated from first principles — as temperature decreased, the extra material required to give
the same effect was disproportionately less than it was at higher temperature (Fig. 21). The
ratio was especially low for all compounds in the peat soil (Fig. 23).

In Fig. 5 the ratio of the LDys values for each compound or tissue in vitro and in vivo is
calculated relative to the value for the same compound or tissue determined for MITC in
vitro, to gauge how the soil affects the vapour toxicity of the compounds and tissues relative
to the ‘pure’ vapour toxicity of the active product of the compound used as a commercial
fumigant. Figs. 24-27 show the same results on a linear y-axis scale.

When compared in vitro, the other pure compounds ranged between about 25 and 65% as
toxic as MITC. The two aromatic ITCs, despite their low volatility, were at the upper end of
that range (Fig. 24). The presence of soil markedly damped the ratio, bringing it down to
10% and less for the sand and peat and well under 5% for the loam soil (Figs.25-27).

The ratio for the tissues is indicative of trends only as the units of measure were not the same.
The tissues behaved similarly in the sand and loam while the peat soil produced a much lower
ratio that could only be measured for the mustard tissue and not the fodder rape root (Fig. 5).

In summary, MITC is the most potent of the compounds in the testing system we used, which
measures the toxicity of the volatiles. This is not surprising, given that MITC is the most
volatile of the compounds. Despite this, the toxicity of the poorly volatile aromatic ITCs,
when exposed to the test organisms only in the vapour phase was high. This must reflect their
very high intrinsic toxicity as determined by Borek et. al. The presence of soil strongly
suppressed the efficacy of all the compounds and tissues, especially when the organic matter
content was high. This was not surprising, given that our previous work had shown the high
capacity for MITC to be sorbed by soil.

How to relate these results to the achievement of effects in the field is a complex and difficult
issue. Borek et. al showed that propenyl ITC was c. 2x as toxic as MITC in contact tests, but
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our assay results show propenyl ITC to be c. 0.25 as toxic as MITC at 10 °C. We measured
levels of propenyl ITC in soil following mulching and heavy watering of mustard tissue in the
2001 plots at Busselton (see Section 2) that were about 50% of the concentration of MITC
achieved after application of metham sodium at the recommended rate of 500 L/ha.

Superficially, the 2-fold difference in contact toxicity could imply that half as much propenyl
ITC as MITC should be as effective as the MITC. However, with the vapour toxicity of
propenyl ITC being only one quarter of that of MITC, the realised toxicity of the propenyl
ITC from the mustard in soil in the field may be as low as one eighth of MITC, given that its
soil concentration was half that of the MITC derived from metham sodium. A further issue is
that the solubility of propenyl ITC is only about one quarter of that of MITC, with the
aromatic ITCs very much less.

Similarly, Borek et. al showed benzyl and phenylethyl ITCs to be c. 60 and c. 70 times more
toxic by contact, but our vapour bioassays showed benzyl ITC to be c¢. 0.5 and phenylethyl
ITC c. 0.2 as toxic as MITC at 10 °C.

Just how the interplay of contact and respiratory toxicity, volatility, solubility and soil type
play out in the field is still obscure and presents enormous challenges to investigate. What
can be said is that even MITC in the field as derived from metham sodium is relatively
inefficient. Large quantities have to be applied to allow for the very active sorption effects
that occur on most soils. Also, adequate soil moisture is important for achieving good effects
but it is unclear what is the relative importance of moisture for the hydrolysis reaction to
produce the MITC and the presence of moisture to carry the MITC in solution through the
soil.
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Relative toxicity
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Figure 2. The relative toxicity of two aliphatic (methyl, propenyl) and two aromatic (benzyl,
phenylethyl) ITCs, metham sodium and two plant tissues dominant in propenyl (mustard) or
phenylethyl (fodder rape) ITC, in vitro and in vivo in three soils, at four temperatures.
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Slope of dose response
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Figure 3. The slope of the probit analysis dose response lines of two aliphatic (methyl,
propenyl) and two aromatic (benzyl, phenylethyl) ITCs, metham sodium and two plant tissues
dominant in propenyl (mustard) or phenylethyl (fodder rape) ITC, for in vitro and in vivo
bioassays in three soils, at four temperatures.
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LD, relative to in vitro assay, within each compound
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Figure 4. The ratio of the LDys values of two aliphatic (methyl, propenyl) and two aromatic
(benzyl, phenylethyl) ITCs, metham sodium and two plant tissues dominant in propenyl
(mustard) or phenylethyl (fodder rape) ITC, in vivo in three soils, at four temperatures,
relative to the corresponding result for in vitro assays within the same compound.
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LD, ratio relative to in vitro assay of MITC
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Figure 5. The ratio of the LDys values of two aliphatic (methyl, propenyl) and two aromatic
(benzyl, phenylethyl) ITCs, metham sodium and two plant tissues dominant in propenyl
(mustard) or phenylethyl (fodder rape) ITC, in vitro and in vivo in three soils, at four
temperatures, relative to the corresponding result for in vitro assays of MITC.
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Figure 6. Toxicity of ITCs and Brassica tissue in vitro.
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Figure 7. Toxicity of ITCs and Brassica tissue in sand soil.
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Figure 8. Toxicity of ITCs and Brassica tissue in loam soil.
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Figure 9. Toxicity of ITCs and Brassica tissue in peat soil.
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Figure 10... Toxicity of metham sodium in different media.
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Figure 11. Toxicity of MITC in different media.
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Figure 13. Toxicity of mustard tissue in different media.
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Figure 14. Toxicity of benzyl ITC in different media.
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Figure 15. Toxicity of phenylethyl ITC in different media.
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Figure 16. Toxicity of fodder rape root tissue in different media.
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Slope of dose response line
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Figure 18. Slope of the probit analysis dose-response line for various ITCs and tissue in sand
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Figure 20. Slope of the probit analysis dose-response line for various ITCs and tissue in peat

soil.
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Figure 21. Ratio of LDys of each compound in vivo to same compound iz vitro, in sand soil.

133



Loam
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Figure 22. Ratio of LDys of each compound in vivo to same compound in vitro, in loam soil.
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Figure 23. Ratio of LDys of each compound in vivo to same compound in vitro, in peat soil.
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Field assessments

Figure 28 shows the mean concentration of total ITCs in the soil of the three replicate plots of
each treatment two hours after treatment of the plants. These samples were taken before any
watering, so the low concentrations measured were not unexpected.

Because of the detailed nature of sampling the soil for ITCs, all other soil sampling and
treatments were carried out in the adjacent plots dedicated to soil chemistry (see experimental
plan above). The initial treatment of the plants (i.e. mulching, rotary hoeing) was identical in
both areas, but watering was different.

The field assessment plots were sprinkler irrigated in the normal daily irrigation routine. In
the soil chemistry plots irrigation was simulated in the cylinders (see section 2). As described
in section 2, even after heavy watering the concentration of ITCs in the soil was low
compared to what was achieved in the 2001 plots. This was attributed to insufficient
pulverising of the plants because of the use of a bladed, rather than a club, mulcher.

The realisation that the mulching machinery had not provided the same level of plant
pulverisation in 2002 as was achieved in 2001 came too late to modify the treatments or
revise the equipment. Consequently, the results obtained are likely to not reflect what could
have been achieved, certainly in terms of ITCs in the soil, with improved breakdown of the
plant material that was the core objective of the study. They need to be considered in this
light, as our original experimental plans were not fully met, unfortunately leaving a major
question mark over the results.

Mean total ITC concentration in Medina biofumigation plot soil 2h after plant treatment.
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Figure 28. The mean total ITC concentration in soil at Medina two hours after treating the
biofumigant plants in the biofumigation evaluation plots with various incorporation methods.
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treatment effect, with all Brassica treatments and the untreated showing less Pythium

infection than the treatment where carrots preceded the test crop (Table 7).
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Table 6 gives the results of the seedling infection assessments, for all Pyth
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Table 6. The levels of infection by all Pyth

seedling carrots.
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Table 7. Summary of the ANOVA on seedling infection (incidence and severity)

Seedling infection - Medina \ \ \ \ [ \ \ \ \
Mean no. of 20 infected (incidence) Mean no. root segments infected (of 100) (severity)
LSD groups (P=0.05)
Treatments:
1|Untreated 6.7 * 7.7 *
2|Carrots 11.7]* 21.3|*
3|Mustard, muich, RH t=0 3.7 * * 4.7 *
4|Mustard, muich, RH t=3d 3.3 * * 3.3 *
5|Mustard, mulch, no RH 4.7 * * 5.3 *
6|/Rape, mulch, RH t=0 1.7 * 1.7 *
7|Rape, mulch, RH t=3d 3.3 * * 3.7 *
8|Rape, Tulch, no RH 2.7 * * 3.0 *

As described above, the carrot crop sown to evaluate the treatments suffered growing
problems that precluded a realistic assessment of yield. All harvest results are based on the
proportion of the number of carrots sampled exhibiting the measured characteristics.

There was an array of categories related to both the expression of Pythium infection as cavity
spot disease on the carrots and its effect on placement of a carrot into market categories, to
size ranges related to export or domestic marketability or rejection, deformed or otherwise
reject, with all the possible combinations of these measures.

Table 8 gives the percentage of carrots in each plot in each category. There was considerable
variation between plots, which was hampered for analysis by only three replicates. Analysis
of variance showed almost no treatment effects. The only category with any significant
treatment effect was the forked carrots with no cavity spot. As the carrots were forked and
therefore unmarketable, this was of little clear meaning (Table 9).

While further statistical analysis may reveal some elements of the data, it seems only likely to
be hints of things that may have happened rather than practical results. Realistically, too
many other issues hampered the field study to ultimately allow it to be a reliable indicator of
what the treatments may have achieved.
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Table 8. The percentage of carrots in the range of Pythium infection and marketability categories at harvest.

Medina Carrot Assessment June 2003

Biofumigation Plots - Total Percentage No.

Cavity Spot No. Export Short Total Forked/
Trt Plot 1 2 3 >3 marketable market market |Undersize| Oversize | Stumped |[Misshapen|  Split Other
1 2 26.2 24.6 12.6 11.5 25.1 19.9 12.6 32.5 14.1 0.0 50.8 1.0 1.6 0.0|Bare ground
1 11 54.1 17.9 8.7 9.2 10.1 271 10.1 37.2 6.0 0.0 55.5 1.4 0.0 0.0
1 19 40.1 24.4 15.2 7.6 12.7 34.5 18.3 52.8 6.1 0.0 35.5 4.6 1.0 0.0
Avg 40.1 22.3 12.2 9.4 16.0 27.2 13.6 40.8 8.7 0.0 47.3 23 0.9 0.0
2 6 17.2 21.3 16.7 10.9 33.9 30.8 17.6 484 6.8 0.0 31.2 12.7 0.9 0.0|Carrots
2 16 35.8 26.0 14.0 8.4 15.8 43.7 20.0 63.7 7.0 0.0 26.5 2.8 0.0 0.0
2 17 21.1 18.9 20.0 14.3 25.7 14.9 4.6 19.4 1.7 0.0 78.3 0.6 0.0 0.0
Avg 24.7 22.1 16.9 11.2 25.2 29.8 14.1 43.9 5.2 0.0 45.3 5.3 0.3 0.0
3 7 53.9 21.5 10.0 6.4 8.2 34.2 21.0 55.3 8.2 0.0 33.3 2.7 0.5 0.0|Mustard mulch t=0
3 9 54.8 25.6 9.5 75 2.5 12.6 5.5 18.1 6.0 0.0 71.9 3.5 0.5 0.0
3 21 25.7 25.0 12.5 13.9 22.9 23.6 2.8 26.4 3.5 0.0 68.8 1.4 0.0 0.0
Avg 44.8 24.0 10.7 9.3 11.2 23.5 9.8 33.2 5.9 0.0 58.0 2.5 0.3 0.0
4 3 24.9 254 10.3 8.6 30.8 211 13.5 34.6 7.0 0.0 57.3 1.1 0.0 0.0|Mustard muich t=3d
4 13 25.9 17.8 15.7 17.3 23.2 12.4 1.6 14.1 2.7 0.0 77.8 5.4 0.0 0.0
4 24 17.7 16.0 14.7 15.2 36.4 41.6 19.0 60.6 7.8 0.0 27.3 3.5 0.9 0.0
Avg 22.9 19.8 13.6 13.7 30.1 25.0 11.4 36.4 5.8 0.0 54.1 33 0.3 0.0
5 8 14.6 12.7 9.4 7.1 56.1 35.8 9.0 44.8 6.6 0.0 39.6 7.5 1.4 0.0|Mustard mulch, no RH
5 14 36.3 35.3 13.5 6.0 8.8 49.8 14.9 64.7 7.0 0.0 27.0 1.4 0.0 0.0
5 23 30.8 29.9 121 11.2 16.1 48.2 19.6 67.9 6.7 0.0 20.1 4.0 1.3 0.0
Avg 27.2 26.0 11.7 8.1 27.0 44.6 14.5 59.1 6.8 0.0 28.9 4.3 0.9 0.0
6 1 33.3 19.9 15.9 9.5 214 6.0 1.5 7.5 5.5 0.0 86.1 1.0 0.0 0.0/BQ mulch t=0
6 10 41.8 26.4 121 8.4 11.3 36.4 19.7 56.1 11.3 0.0 26.4 6.3 0.0 0.0
6 18 51.5 19.2 12.7 6.1 10.5 57.2 17.9 751 2.6 0.0 17.5 4.4 0.4 0.0
Avg 42.2 21.8 13.6 8.0 14.4 33.2 13.0 46.2 6.5 0.0 43.3 3.9 0.1 0.0
7 5 421 28.2 9.1 9.1 11.5 10.5 2.9 13.4 4.8 0.0 80.4 1.4 0.0 0.0/BQ mulch t=3d
7 15 46.0 21.8 13.3 6.2 12.8 32.2 19.9 52.1 9.5 0.0 36.5 1.4 0.5 0.0
7 20 23.1 21.3 10.9 10.9 33.9 48.0 15.4 63.3 6.8 0.0 271 2.7 0.0 0.0
Avg 371 23.8 111 8.7 19.4 30.2 12.7 43.0 7.0 0.0 48.0 1.9 0.2 0.0
8 4 14.7 18.8 18.2 14.7 33.5 32.4 10.6 42.9 5.9 0.0 42.4 8.8 0.0 0.0/Bq mulch, no RH
8 12 171 16.1 12.7 15.6 38.5 48.8 14.6 63.4 7.8 0.0 27.3 1.5 0.0 0.0
8 22 51.2 20.8 124 9.6 6.0 44.8 24.8 69.6 8.4 0.0 17.2 4.8 0.0 0.0
Avg 27.7 18.6 14.4 13.3 26.0 42.0 16.7 58.7 7.4 0.0 29.0 5.0 0.0 0.0
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Table 9. The only significant treatment effects observed at harvest.

Harvest

No significant treatment effects in all major parameters.

CSOForked was the only category with 2 LSD groups (P=0.05):

Treatments:

1|Untreated 21.3|* *
2|Carrots 104|* *
3|Mustard, mulch, RH t=0 25.7|*

4|Mustard, mulch, RH t=3d 14.3|* *
5/Mustard, mulch, no RH 9.8|* *
6|/Rape, mulch, RH t=0 16.2|* *
7|Rape, mulch, RH t=3d 21.9|* *
8|Rape, n‘1ulch, n|o RH 6.7 *
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Overview of stage of grwth and size of plants at time of incorporation treatments at Medina
7 October 2002.

After mulching and rotary oe incorpotion of BQMulch, in foregrod plots.
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———

3-day incorporation of mulched plant material left on surface covered
with plastic only during watering until then.

Irrigating, with piots for
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BIOFUMIGATION WORKSHOP

Busselton, Western Australia
11-13 September 2002

Convenor:

John Matthiessen
CSIRO Entomology, Perth

Introduction

Background

Biofumigation, in the context used by the CSIRO researchers working on the concept in
Australia, is the use of Brassica plants as biologically-active rotation and green manure crops
for the suppression of soil-borne pests and diseases through a particular focus on the capacity
of such plants to produce an array of isothiocyanates (ITCs).

There are diverse data and anecdotal reports to show that brassicas can have beneficial effects
as a break in cropping cycles. It is recognised that these effects within brassicas may not
come solely from the liberation of ITCs. Toxic or otherwise beneficial effects analogous to
these ‘biofumigation’ attributes can arise through the liberation of other compounds - in both
brassicas and other species - and through other attributes of these plants such as the physical
impact of their agronomic characteristics on the soil.

It is also recognised that the word ‘biofumigation’ a little too easily carries with it
connotations of oversold ‘silver bullet’ cures for the very difficult issues that soil-borne pest
and disease management present, especially in horticulture. There is a natural tendency to
lapse into shorthand, but the word ‘biofumigation’ relates to the broader beneficial effects that
can be obtained from the biological activity of ‘biofumigant green manure crops’.

The focus of CSIRO research has unashamedly been on the ITC-generating aspects of
brassicas as biofumigants in a specific endeavour to systematically work through the
mechanisms of the observed beneficial effects and their apparent close association with ITC
production, notwithstanding other effects.

The objective has been to harness and improve the beneficial aspects through the toxicity of
ITCs to offer farmers a more comprehensive suite of options or alternatives for the vexed
issue of soil-borne pest and disease management, than either sole reliance on synthetic
fumigants or doing nothing.

Rationale for workshop and timing
In the last year or so, results from laboratory and field work in Canberra (John Kirkegaard and
Matt Morra), and field work in Western Australia (John Matthiessen, Ben Warton, Mark

Shackleton) have shown vast improvements in the release of ITCs by Brassica plant tissue,
resulting from the way it is treated.
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In summary, it has been found that disruption of tissue at the cellular level (first noted by
freezing and thawing tissue, and subsequently replicated in the field by pulverising tissue with
a ‘mulcher’) leads to a substantial increase in ITC release. The addition of water further
improved that effect, apparently either through facilitating greater hydrolysis and/or carrying
greater amounts of ITC into the soil.

In both the laboratory and the field the release of ITCs was improved around 100-fold by
these ‘new’ ways of treating the tissue. These results were very exciting, and put a new
complexion on the research.

The findings also marked a concerted push by the CSIRO group in Western Australia to
develop methods for measuring concentrations of ITCs produced in soil from brassicas treated
in different ways (and of methyl ITC from application of metham sodium).

A further implication was that it raised the question of what was the importance of plant
treatment methods relative to the main early focus of endeavouring to build ITC-releasing
capacity in brassicas by selecting for high concentrations (and type) of the precursor
glucosinolates.

As a consequence of these apparently significant advances and the potentially large shifts in
approach the new information could engender, it was felt timely to convene a small workshop
of people of diverse background knowledgeable about aspects of soil-borne pests and
diseases, the agronomy and breeding of brassicas, chemistry and horticultural production
systems to discuss issues and critique approaches.

The aim was to add to everyone’s knowledge, discuss recent findings, help keep focus, ensure
high levels of cross-fertilisation of knowledge, implications and ideas across disciplines, help
in the process of disseminating practical information to horticultural producers by ensuring
workshop participants were ‘hands-on’ people, and develop potential collaboration.

In keeping with the objective of an informal, practical orientation, the workshop was
convened for spring and at a country location to allow visits to sites where trials were under
way and the brassicas were nearing the stage of being treated to obtain biofumigation effects.

Accordingly, the workshop was held at Busselton, Western Australia where the CSIRO
Entomology group has been doing field work with the assistance and collaboration of potato
farmers Keith and Paula Taylor. A field visit was also made to the Department of
Agriculture, WA’s Medina research station where CSIRO has trials in the Pythium disease
‘nursery’ developed by Elaine Davison and colleagues.

Participants
1. John Matthiessen, CSIRO Entomology, Perth. John.Matthiessen@csiro.au
2. Mark Shackleton, CSIRO Entomology, Perth. Mark.Shackleton@csiro.au
3. John Kirkegaard, CSIRO Plant Industry, Canberra. John.Kirkegaard@csiro.au
4. Sandro Palmieri, Research Institute for Industrial Crops, Bologna, Italy.

s.palmieri@isci.it

Ben Warton, CSIRO Entomology, Perth. b.warton@curtin.edu.au

Graham Stirling, Biological Crop Protection, Brisbane. biolcrop@powerup.com.au
7. Mark Potter, Waite Institute, Adelaide. Potter.Mark@saugov.sa.gov.au

SN
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8. Stuart Gowers, HortResearch, Lincoln, New Zealand. GowersS(@crop.cri.nz

9. Bruce Garrett, Wrightson Research, Lincoln, NZ. BruceGarrett@ Wrightson.co.nz

10. Warwick Green, Wrightson Research, Lincoln, NZ.
Warwick.Green@ Wrightson.co.nz

11. Elaine Davison, Department of Agriculture WA, Perth. edavison@agric.wa.gov.au

12. Hoong Pung, ServAg, Devonport. hpung@serve-ag.com.au

13. Robin Harding, PIRSA, Adelaide. Harding.Robin@saugov.sa.gov.au

14. Robin Coles, PIRSA, Adelaide. Coles.Robin@saugov.sa.gov.au

15. Ros Pilbeam, Department of Agriculture WA, Manjimup. rpilbeam@agric.wa.gov.au

16. Shane Trainer, Department of Agriculture WA, Manjimup. strainer(@agric.wa.gov.au

17. Keith Taylor, farmer, Busselton

18. Paula Taylor, farmer, Busselton

19. Prem Akhil, mustard meal/oil importer/manufacturer. p.akhil@uq.net.au

Late apologies/written contributors

1. Dolf de Boer, Department of Natural Resources and Environment, Melbourne.
dolf.deboer@nre.vic.gov.au

2. Stewart  Learmonth,  Department of  Agriculture = WA,  Manjimup.
slearmonth@agric.wa.gov.au

Program
Wednesday 11 September

Morning: Travel Perth-Busselton
Afternoon: ~ Workshop session

Thursday 12 September

Morning: Seminar by Dr Sandro Palmieri, specialist glucosinolate biochemist from the
Research Institute for Industrial Crops, Bologna, Italy and McMaster Fellow
with John Matthiessen. Seminar entitled: “Brassicaceae: a good source of
industrial oil, high value proteins and bioactive derivatives.”

Keith & Paula Taylor’s potato farm

Afternoon: Workshop session

Friday 13 September
Morning; Travel Busselton-Medina research station
Biofumigation trials with carrots and Pythium Medina Research Station
Afternoon:  Laboratory visit, CSIRO
Workshop summary
The workshop discussion ranged widely over the multitude of issues that invariably come to

the fore when discussing methods for managing soil-borne pests and diseases and the
implications of various approaches.
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In brief, topics covered included:

History

Reasons for workshop & aims
Expertise/interests of participants
Factors driving soil fumigation

Recent developments in biofumigation
Current focus of research

Industry expectations

Managing ‘hype’ and over-expectations
Chemistry — in plants and in soil

Other beneficial effects of ‘green manure biofumigant crops’
Practical growing issues

Incorporation methods

Comparison with metham sodium
Fitting to crop rotations and systems
Longevity of effects/plantback times
Breeding

Pathogens — recalcitrant resting stages
Co-hosting issues

‘Soil health’/ecological functioning
Seed companies’ perspective
Economics/cost effectiveness

Setting realistic expectations

General upside/downside issues
Collaborative interactions

Application in tropics/developing countries

Inevitably, for such a complex and multi-facetted issue, some of the issues were complex and
the hurdles high but it was resolved to utilise the diverse expertise present to contribute to
putting out a simple as possible information sheet for industry.

The plan is that this information brochure will be drafted during the next few months and
circulated amongst workshop participants for comments in order to make it as comprehensive
and practical as possible, before being made available for widespread distribution to industry.

Acknowledgements

Funding support for the workshop was provided by Horticulture Australia Limited and
Wrightson Research.
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MCMASTER FELLOWSHIP

John Matthiessen was awarded a CSIRO McMaster Fellowship in 2002 to fund the visit to
Australia of Dr Sandro Palmieri, Director, Biochemistry Section, Istituto Sperimentale per le
Colture Industriali, Italian Ministry of Agriculture, Via di Corticella, 133, I-40129, Bologna,
Italy. Dr Palmieri’s research group has over many years painstakingly isolated 22 of the most
widely occurring GSLs in brassicas. It is the only group in the world to possess such a
collection, and the group’s members are recognised world leaders in GSL chemistry. The
following is Dr Palmieri’s report on his fellowship visit.

Report of Dr. Sandro Palmieri of the Research Institute for Industrial Crops, Bologna,
Italy as McMaster Fellow, September 2002.

Duration, location and timing: 9-20 September, 2002; one week at CSIRO Entomology
Floreat, WA and one week at CSIRO Plant Industry, Black Mountain, Canberra.

Host Division and host Scientists: Entomology — John Matthiessen (Principal Research
Scientist & Project Leader, Sustainable Soil Pest Management); John Kirkegaard (Principal
Research Scientist & Project Leader, Crop Management, CSIRO Plant Industry).

Visit aim: Participation at the Biofumigation Workshop and discussion of the main aspects
regarding the chemistry of the myrosinase-glucosinolate system as a defence structure in
Brassicaceae, as well as its exploitation in green manure and in special formulations after
glucosinolate isolation.

Presentations: A seminar entitled: “Brassicaceae: a good source of industrial oil, high value
proteins and bioactive derivatives.” was presented at the Biofumigation Workshop on 12
September, and at CSIRO Plant Industry on 17 September.

Report

For some years, attention on bioactive natural molecules has strongly increased because
public opinion considers them as a mild, safe and reliable option to control different plant
pathogens, thus limiting the use of synthetic pesticides in agriculture. If these bioactive
molecules are used as they are in plant tissues, without applying any chemical procedure of
extraction and isolation, they meet even more interest and support. Among several bioactive
molecules, glucosinolates (GLs) and their enzymatic degradation products (GLDPs) via
myrosinase (MYR) stand out as a valid alternative due to the variety of compounds that can
be produced of high cytotoxic activity.

The MYR-GLs system contained mainly in Brassicaceae appears to be of great value not only
in crop protection but also in fine chemistry and food technology. At present several studies
are in progress to find the best techniques for its practical use in suitable forms in the above
sectors. Prominent among these is research being carried out by CSIRO Entomology and
Plant Industry, and my own Research Institute for Industrial Crops at Bologna. Visits by
Australian researchers to Bologna in recent years have established a good collaboration. This
McMaster Fellowship has further advanced and cemented that relationship and provided
opportunities for further collaboration.
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One of the most interesting uses of the MYR-GLs enzymatic system is for pest control in
horticulture, given the high economic value of horticultural products. In organic agriculture,
which today is finding greater favour with farmers and consumers, the exploitation in
different forms of the MYR-GLs system seems to be one of the few acceptable ways for
controlling pests in soil. In this context, it is easy to predict an increasing interest to develop
and apply different techniques based on the activity of the MYR-GLs system in agriculture.

In the last years several research teams have been involved in the exploitation of the MYR-
GLs system in different ways and forms. One of the most active research groups is working at
CSIRO Entomology and CSIRO Plant Industry, especially in the practice of biofumigation by
green manure of brassicaceae, for controlling soil-borne pests and diseases, while my institute
has focused on the detailed biochemistry of the MYR-Gls system. The research of the two
teams is very complementary, and provided the impetus for this McMaster fellowship
application.

Field trials carried out at CSIRO and at the Research Institute for Industrial Crops (Bologna,
Italy) (ISCI) indicate that biofumigation practice, using some Brassicaceae such as Brassica
juncea, Brassica napus, Eruca sativa, etc., is useful to improve the yield and quality of the
following crops. In Australia this has been successfully obtained on wheat using canola
(Brassica napus ssp. oleifera) and Indian mustard (Brassica juncea) as previous crops. This
positive effect has been obtained, at least in part, by breaking the life cycle of the soil borne
pathogens as consequence of the cytotoxicity of the GLDPs, essentially isothiocyanates
(ITCs) released from the roots in the soil.

In the same period, the results of the green manure trials carried out in Italy also confirm the
advantages on the yield and quality of following crops. In Italy these trials were made with
the aim of protecting some horticultural crops such as strawberry and some vegetables
(lettuce, carrots etc.) by green manure using Indian mustard (Brassica juncea), Rapistrum
rugosum, and rocket (Eruca sativa).

In spite of the uncontestable practical benefit obtained by the use of the biofumigation carried
out with different techniques and plants, some important theoretical aspects have still to be
defined to completely exploit the advantage of brassicas use in crop rotation or in green
manure. For instance, it is not clear if the ITCs found in the soil during the cultivation of
brassicas are leached as they are from the roots or they are formed in the soil after the GLs
degradation by the action of soil microorganisms.

Another important aspect is the fate of these cytotoxic compounds in the soil after their
formation and protection of the plants against soil diseases. Finally, the study of the
enzymatic degradation chemistry of some GLs such as the phenyl ethyl and indolyl appears to
be a further important aspect that has to be defined in detail to completely understand their
potential in crop protection when plants or their tissues containing these GLs are used in
biofumigation.

Although these studies are not so easy to carry out, particularly considering the complexity of
relationship between roots (tissues) and soil, at present several experiments are in progress at
CSIRO and at ISCI with the objective to make clear some of these points. At ISCI a simple
approach has been chosen, based on the study of the enzymatic reaction in vitro, using pure
MYR and GLs and by determining the produced GLDPs by chromatographic methods,
whereas at CSIRO more complex experiments are in progress, aimed at the study of the entire
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plant-soil system, which involves the investigation of complex chemical reactions and related
microbiological outcomes. Again, these studies are complementary and provide for
elucidation of complex issues.

It is clear that a sound understanding of the fundamental basis of biofumigation is matter of
primary importance to maximize the benefit due to the application of this technique and,
above all, to define reliable agrotechnical pathways for its correct management, according to
the different agroclimatic conditions in which the technique has to be applied. Thus taking
into account the specializations of the two groups, it will be important to set up suitable
common and complementary experiments not only to immediately have practical advantages,
but also to unequivocally ascertain which are the strengths and the weak points of this
technique, possibly in relationship with agroclimatic conditions and pathogen infestation
levels.

Another important aspect for environmental and economic reasons is the use of the MYR-
GLs system to control phytophagous insects. At present however the natural defense
mechanism based on this enzymatic system in Brassicaceae against non-specialist insects is
still not completely explained. In fact, it is known that when the insect attacks the plant it
generally makes a wound with its ovipositor, stilet or masticatory apparatus, putting GLs and
MYR in contact and thereby triggering an overproduction of cytotoxic compounds only in the
point of attack. Although this reaction has been demonstrated for several noxious insects
attacks, in some cases it was observed (using pure GLs in vitro, of which the ISCI group has a
unique collection purified from many Brassicaceae), that also some intact GLs show a toxic
activity.

It would be interesting to determine if this finding is due to the presence of a MYR-like
enzyme inside the insect or must be ascribed to an intrinsic toxicity of the intact GL towards a
specific insect. Also this point could be studied and clarified with a collaborative project
between CSIRO Entomology and ISCI, given that CSIRO has set up a reliable insect bioassay
suitable to test pure GLs, while ISCI has available more that 22 different GLs in pure form.
ISCI also has experience in enzyme isolation and purification, to have available two pure
MYRs as reference.

In conclusion, the visit in Australia has been of great and twofold interest. From one side the
participation at Biofumigation Workshop held in Busselton has made it possible to focus on
the most important theoretical, practical and potential aspects of this technique for controlling
soil-borne fungi, nematodes and insects in different climatic and cultivation conditions. Visits
to field trials (potato and carrots) were important to directly assess the beneficial effect of
biofumigation. From the other side, the meetings and discussion at CSIRO with the inviting
scientists of CSIRO Entomology and Plant Industry, as well as with many other researches
and project leaders of these two CSIRO Divisions made it possible to become more aware of
the wide significance and the high level of research carried out at the above Institutions.

Acknowledgments: 1 thank the McMaster Fellowship Committee of CSIRO for the
opportunity to undertake this visit to Australia to offer the experiences of my team at ISCI,
Bologna, and to build further relationships with the Australian research teams in their home
bases.

Dr Sandro Palmeri
3 October 2002
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PUBLICATIONS

During the project considerable effort was put into publishing the results in a wide variety of
outlets to ensure broad dissemination of information and uptake of results, both nationally and
internationally.

The ‘Biofumigation Update’ newsletter was continued as a means of disseminating
information in a timely manner. Six issues of the ‘Biofumigation Update’ were produced at
six-monthly intervals during the project.

The mailing list reached approximately 650, comprising a diverse mixture of farmers,
consultants and researchers, nationally and internationally. It was well-received by
stakeholders, with positive feedback common. It was also published on the World Wide Web
at:

http://www.ento.csiro.au/research/pestmgmt/biofumigation/newsletter list.html.

Images of the newsletters follow.
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The Glucosinolate-Myrosinase System — A Natural & Practical Tool for Biofumigation

Au integrated team at the Research In-
A stitute for Industrial Crops (ISCI)—
Italian Ministry of Agriculture, at Bologna,
has done much research ranging from basic
chemisiry to applications of the glucosi-
nolate-nyrosinase system.  The team has
put together the following account of their
varied activities.

Introduction and rationale

.-Over the last decade, attention to bicac-
; tive natural molecules has strongly
increased because public opinion considers
them as a mild, safe and reliable option to
prevent or to fight not only several diseases
in humans but even different plant patho-
gens, thus reducing use of pesticides.

Among bioactive molecules, glucosinolates
(GLs) and their enzymatic degradation
producis (GLDPs—which includes isothio-
cyanates) via myrosinase (MYR) stand out
as promising, through the variety of com-
pounds that can be produced and for their
high bioactivity and selectivity.

In vitre studies, using purified GLs and
MYR, confirm that GLDPs show high bio-
cidal activity. For this reason, some GLs
or GLDPs could be used in controlling post-
harvest fruit pathogens, in killing soil nema-
todes and some soil-borne pathogenic fungi.

We have demonstrated that the biocidal
activity of GLDPs is strongly affected by
the chemical structure of their side chain.
In  particular, thiofunctionalised GLs
(glucoiberin, glucocheirolin, glucoerucin,
glucoraphenin), some alkenyl GLs (sinigrin,
glucocapparin) and benzyl GLs
(glucotropaeolin, gluconasturtin) are precur-
sors of GLDPs with high biological activity.

The reasons for this good performance,
which is better than other GLDPs, such as
hydroxy-GLDPs (goitrin and epi-goitrin),
are still not clear. Studies are in progress in
our laboratory to explain the action mecha-
nism of these molecules in vivo.

One of the most important common proper-
ties of these more toxic molecules is their
hydrophobicity. This could help their pene-
tration through the hydrophobic lipid bilayer
cell membranes, and may explain the good
potential in crop protection of these bioac-
tive natural compounds.

Al present, the simplest way to exploit the

GL-MYR system is the use of planis con-
taining this enzymatic system as biocidal
green manures. This ‘biological” crop pro-
tection method, in particular to fight soil
pathogens (biofumigation), appears to be
practical for good agronomic, economic and
environmental reasons linked with the use
of ‘green molecules’ such as the GLDPs.

Our group is also engaged in finding con-
venient ways for the exploitation of these
molecules in other fields such as in fine
chemistry and food technology.

- Sandro Palmieri (sandro.palmieri@iol.it).

Chemistry and analytical
aspects

lants are complex organisms where

many biochemical pathways operate
simultaneously. Generally it is hard to un-
derstand the role of each distinct reaction in
the whole system. Sometimes it is useful to
study a single biochemical reaction, using a
suitable laboratory model, and then strive to
transfer that knowledge to the real situation.

To exploit the potential of planis with the
GL-MYR system in crop protection, we
have isolated by chromatographic tech-
niques the MYR from Sinapis alba ripe
seeds and several GLs from various Brassi-
caceae ripe seeds where each GL is the
unique or main GL.

Using these compounds in pure form, the
GLs-MYR-catalyzed hydrolysis, which pro-
duces several bioactive isothiocyanates,
nitriles and thiones, has been studied in
detail. The effect of the most important
parameters such as temperature, pH, ionic
strength on the yield and quality of GLDPs
has been determined for each substrate type.

To have available sufficient amounts of the
most important GLDPs, MYR was immobi-
lised on nylon and a small bioreactor was
built to continuously hydrolyse pure GLs,
The availability of these compounds, the
understanding of the reaction kinetics for
each GL in different conditions, as well as
information about the chemical and physical
properties of GLDPs made it possible to
evaluate the biocidal activity of GLDPs on
soil-borne pathogens in vitro.

Studies of the chemical properties of GLs
and the determination of their concentration
in plant material to be used as green manure
are of fundamental importance to choose the

best plants and the right management proce-
dures to make biofumigation effective.

We normally use the official method of the
European Community, which was set up for
rapeseed analysis. To obtain reliable re-
sults, and when different cruciferous mate-
rial is analysed, the method is modified,
depending on materials and GL profile.

Finally, studies for establishing the dynam-
ics of the GLDPs and their biophysical
properties such as penetration through the
soil, toxicity and losses to the atmosphere
or from secondary chemical reactions dur-
ing the green manure treatments are very
important to d the real p ial of
the GL-MYR system in biofumigation. To
this end, unique and reliable analytical
methods, involving special devices, are in
progress in our laboratories.

- Onofrio Leoni (0.leoni@iol.it).

Agro-technology

Starliug from the known biocidal activity
of the hydrolysis products of GLs, we
have selected some new ecotypes for their
biomass and for the type and amount of
their GL content, with the aim of amending
soil with good amounts of active GLDPs by
their cultivation and green manuring.

We have identified some new caich crops
(Eruca sativa cv. Nemat) of the sugar beet
cyst nematode (Heterodera schacltil) and
some new ecotypes containing thio and al-
kenyl GLs with a good toxic activity toward
some soil-borne fungi,

Among these selections, Brassica juncea
sel. ISCI20, characterised by a very high

(Continued on page 2)
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biomass production (more than 100 t ha' of
fresh matter) and a GL contemt around 20
umol g'! dry matter of sinigrin (altyl-GL),
seems 10 be particularly promising for a full
field application a biocidal green manure.

Its cultivation did not require any particular
agronomic techniques, full mechanisation of
field work was possible and no pest control
or irrigation was needed. Only ploughing
required particular aitention to0 minimise the
losses of active compounds released during
cutting, chopping and incorporating of the
plants, because of their high volatility.

In full pre-plant field trials in strawberry B.
Juncea green manure produced a yield mot
significantly different from that obtained on
tumigated soil with methyl bromide, and
that was higher than a traditional green ma-
mure not containing GLs (pigeon bean. bar-
ley), and an untreated soil (Table 1).

Table 1.

the same letter are not significantly different.

Effect on sirawberry yield of bio-
ddal green manure. Numbers followed by

Strawberry yiekl (g/plant

1998 2000
Metivd bromide  464a 501a
B. juncea ISCI20 381ab 445ab
Barley 318b 352¢

(cv. Baraka)
Untreated control 317b 379bc

than hydroxy-GLDPs and that the interac-
tion between GLDPs and the inert and/or
organic soil components does not inhibit
their activity in controlling fungal growth.

Puthiim and Rhizoctonia and S. rolfsit are
the main targets of our studies on biofumi-
gation with Brassica selections. Green ma-
nure in naturally infected soil with different
ISCI seledtions of GL-containing plants
showed a suppressive adivity toward Py-
thium correlated to the type and amount of
GL in their fresh tissues.

Practically, the effect of bioddal selections
for green manuring showed not only a re-
duction of Pythrium growth in soil afier fresh
tissue incorporation, but also inaeases in
microbial activity in amended soil when
compared with comventional cover cop
green manuing. In fadt, wsing the same
biomass rate, soil incorporation with Bras-
sica ISCI selections greatly increased my-
coflora and total bacteria when compared to
soil incorporation of some conventional
COVES (TOPS.

The suppressive effect of the biocidal selec-
tions toward 5. relfsif was similar to that
observed on Pythium.

Green manuring with brassicas selected for
particular GL. content provides a new dis-
ease tonirol approach. It combines the tra-
ditional positive effect of green mamure
fincrease of nutrient availability, etc) with
the suppressive effect of GLDPs released by
plant residues towards soil-borne pathogers,

Studies to optimise this technique in Italian
agrodimatic conditions and 1o increase
knowledge on the effed of these plans on
other soil pathogens are going on. From a
commercial point of view, Brassica juncea
ISCI20 was commerdialised in 1999 by an
talian Seed Company (Cerealtoscama -
Leghom - ltaly) and it will be applied in
2000 antumn sowing on more than 50 hec-
lares,

- Luca Lazzer! (| lazzeri@iol if).

a well as the stimulation of beneficial mi-
croflora in soil .
- Luisa Manicf (lnmanid @tin it).

Potato Grower’s
Practical Experience of
Growing Brassicas
for Biofumigation

Soil-borne pathogen control

n vifro sindies on the fungitoxicity of

GLDPs carried out over the last five
vears showed a different semsitivity of phy-
topathogenic fungi to these compounds. In
particular, among soil-borne fungi, Phy-
tophthora spp., Pythium spp. and sterile
fungi (Rhizoctonia sp. and Sclerottum rolf
stf) are more sersitive than imperfect fungi
(Fusartum spp., Verticiflium dalhiae,
Trichoderma spp.).

Studies on the toxidty of GLDPs, in sterile
soil, toward Pythtum irregulare and Rhizoc-
fonta solamt confirmed that thiofunctional -
ised and alkenyl-GLDPs are more adive

otato farmers Keith and Paula Taylor

of Vasse, near Busselion in coastal
south-western Australia are inierested in
growing brassicas for suppression of soil-
borne pess and diseases, and a a soil
amendment in their potato rotation,

Not being equipped with a seeder for small
seeds, Keith tried various oplions this sea-
son to assess the best way of sowing brassi-
in his situation.

He sowed several hectares of BQMulch®
fodder rape and Fumus® mustard, on both a
sandy loam soil and a coarse sand. The
loam had a long fertiliser history from hor-
ticulture, whereas the sand was old pasture,

The sandy loam area had been under sweet-
com in the 1999/2000 summer. Residues
were rolary hoed to break them up in
March, and the ground was irrigated. The
winter rainy season began in mid autumn.

Best results were obtained in the sandy loam
by mouldboard ploughing in early June to
invert the soil profile. This produced a
very clean seed-bed, and left the surface
somewhal rough (more ‘cumbs’ than
Tumps’),

About 1-2 weeks later, with rain forecast,
the seed was mixed with double superphos-
phate in a rotary fertiliser spreader and ap-
plied to the surface. The flow rale was it
right back, and two passes were made in
order to achieve as even a distribution as
possible. The seed was applied at around
10 Kg/ha and the fertiliser at 70 Kg/ha.

The seed could be seen on the surface of the
gound.  Following a sabstantial rainfall
event, the surface smoothed down. Many
seeds were lightly buried in this process,
although many also germinated on the sur-
face.,

Continmed rain and cool weather ensured
that the sarface never dried. and the soil
remained uncompacted for a substantial
period. This soil has a sufficient day frac-
tion (8-12%) that it can pug quite firmly if
compressed when wet and be difficult for
small-seeded plants o establish and grow.

This combination of factors resulted in ex-
cellent establishment and uniform growth.
Also, the area is not fully exposed to strong
winds,

The wheel tracks from the sowing were
followed during the growing season for four
applications of approximately 50 Kg'ha of
mrea each.

A dense stand of both brassica types re-
sulted, giving a total biomass of Fumus® of
15.7 t dry matter/ha, and of BQMulch® of
11.2 t dry matter/ha by early November,
and sill growing. We have used these plois
for studies of isothiocyanate profile and to
track growth, over time, and for some first
direct measwrements of isothiocyanates in
soil 10 develop sampling techniques.

Keith's conclusion is that on this sandy
loam soil, with a good seed-bed as de-
scribed and good moisture, there is no need
0 harrow seeds in.  His view also is that
the seeding rate could be reduced in good
situatiors such as this.

- John Matthiessen, CSIRO Entomology,
Perth (08 9333 6641; johnm@ccmar .csiro.
an).
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A Complex Mode of Action for Biofumigation?

ITCs Measured in Soil

revious research into the effects of bio-
fumigation has centred on the direct
effects on pathogens. However, biofumiga-
tion is a ‘gentle fi ', Many org
are not affected - evident from the fact that
biofumigation appears to only work effec-
tively on some pathogens.

In addition to the effects on pathogens, there
are the beneficial components of the soil
microflora to consider. An intriguing possi-
bility is that in some instances biofumigation
may also lead to changes in the overall mi-
crobial community. These could lead 1o
improved plant growth, which might explain
observations of growth responses in wheat
crops following canola which cannot be at-
tributed to reduced disease or nutrition,

With this in mind Brendan Smith and John
Kirkegaard, working on a GRDC grant at
CSIRO Plant Industry, Canberra, included
some non-pathogenic organisms when they
surveyed a range of pathogens for their toler-
ance to the main isothiocyanate produced by
the roots of canola, 2-phenylethyl isothiocy-
anate (2-PE 1TC).

The aim was twofold: to identify which
pathogenic species should be targets of con-
trol by biofumigation and to assess the differ-
ential effects of the chemical on a wider
range of organisms, including beneficials.
Approximately 130 fungal and bacterial iso-
lates were screened.

The results were very encouraging, as many
of the most sensitive organisms have been
controlled in field studies, including the
fungi Gaeumannomyces graminis var. tritici
(take-all of wheat), Aphanomyces (root rot of
beans), Pythium sulcatum (cavity spot of
carrots), Theilaviopsis basicola (root rot of
cotton, beans and sesame) and the bacteria
Ralsionia solanacearum (bacterial wilt).

What was startling about the results is that
some fungi and bacteria thrived at extremely
high levels of 2-PE ITC. The most tolerant
of the fungi were Trichoderma species (Fig.
1}, which grew luxuriantly at levels well
beyond what killed other organisms, and
which are likely to occur in soil.

This group of fungi has been widely studied
for their biocontrol potential, and it is the
proliferation of these fungi in acid soils of
Western Australia which is thought to disfa-
vour take-all,

The different groups of fungi differed mark-
edly in susceptibility to 2-PE ITC (Fig.1). At

the lower end of the tolerance Gaeumanno-
myces was on average approximately 50
times more sensitive than the most tolerant
group, Trichoderma.

2-PE 11D DO% inhibition devs (npm)

Fig. 1. Fungal responses to 2-PE ITC.
However, this does not tell the whole story.
While the average tolerance of the Pythium
species tested is in the medium range, indi-
vidual species respond quite differently.

Pythium sulcatum and P. violae are highly
sensitive at levels that seem to correlate with
disease control in the field {ie. less that 10
ppm. Fig. 2). However Pythium wltimatum
is only significantly affected at levels well
beyond those achievable in soil.

Effaciive dose for B0% Innini

Fig. 2. Relative sensitivity of three Pythium
species to 2-PE ITC.

Thus biofumigation is not a panacea and will
need to be targetted at specific disease organ-
isms. The bright side is the correlation be-
tween the tested sensitivity of a pathogen in a
simple lab. assay and its reported control in
the field by biofumigation. This offers the
opportunity of forward screening for diseases
which could be potentially controlled by bio-
fumigant practice.

The fact that many organisms, both ‘bad’
and ‘good’, were tolerant of the chemical
may change the way we think about, and
implement, biofumigation. It  raises the
possibility that changes to the microbial com-
munity favouring beneficial organisms might
also contribute to disease suppression and
improved plant growth.

- Brendan Smith, CSIRO Plant Industry, Can-
berra (02 6246 5068; b.smith@pi.csiro.au).

here have been few attempts to measure

field soil concentration of isothiocy-
anates (ITCs), either after incorporation of
plants or during growth.

In the last year Ben Warton and John Mat-
thiessen, working on an HRDC (now Horti-
culture Australia Ltd) grant at CSIRO Ento-
mology, Perth, and Matt Morra (University
of Idaho, Moscow, ID) working on a GRDC
Visiting Fellowship with John Kirkegaard
at CSIRO Plant Industry, Canberra have
been investigating ITCs produced in soil
from brassicas, using different methods.

Ben and John set out to develop a technique
to measure individual 1TCs in the soil around
two fodder rapes (B. napus) and mustard (B.
Juncea), and to do a preliminary analysis of
how well their profile matched between the
plants and the soil. Soil gently shaken from
the roots of intact plants was extracted with
ethyl acetate to capture the ITCs, which were
subsequently measured by GC-FPD.

Matt & John measured aggregated total ITCs
in soil following rotary hoe incorporation of
rape and mustard by derivatising all the ITCs
to a common product measurable by HPLC.

The four main ITCs in the plams (2-
propenyl, 3-butenyl, 4-pentenyl and 2-
phenylethyl) were detected in soil while the
plants were growing, plant:soil ratios were
roughly equivalent, and the two methods
detected similar total concentrations at two
contrasting sites.

In the coming season we will examine in
more detail the release of ITCs into soil and
their profile there relative to the source
plants, with the aim of developing methods
to maximise ITC release.

- John Maithiessen, CSIRO Entomology,
Perth (08 9333 6641; johnm@cemar.csiro.au).
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Can Poor Resistance Undermine the Biofumigation Effect?

ecent studies have confirmed the toxic-

ity of 2-phenylethyl isothiocyanate (2-
PE ITC) to a range of soil-borne pathogens.
The release of this chemical from Brassica
root tissue after mechanical damage or nam-
ral breakdown is thought to be at least par-
tially responsible for the biofumigation ef-
fect associated with brassicas

Leaf tssue of brassicas has also been ob-
served o provide a biofumigation effect,
although it is currently unclear if this is due
o the release of ITCs or some alternative
system (or a combination), The growth and
incorporation of a Brassica crop as a biofu-
migani should therefore provide a reasona-
bly reliable effect, reducing our reliance on
unsustainable and costly chemical pesticides.

However, stdies have revealed that the
biofumigation effect is currently not highly
reliable. The levels of chemicals produced
by the tissues can vary greatly due © uncon-
trollable environmental factors, and their
release is probably not efficient, and organ-
isms differ in susceptibility &ee P1),

A further complication is the level of resis-
tance of the Brassica to pathogens. A biofu-
migant crop may allow multiplication of
some pathogens, which could undermine any
biofumigation effect that the dsswe may
eventnally provide.

This certainly has been the case when seek-
ing to control the root lesion nematode
(Pratyenchus neglectus) uwsing camola (B,
napus) within the cereal rotation. P. neglec-
fus thrives on all canola varieties tested,
often generating numbers comparable with
those following a susceptible wheat crop.

As this cropping system, unlike horticulture,
cannot afford to green manure the oilseed,
we rely solely on the root tissues for a biofu-
migation effect. Only rarely does this crop
provide a good biofumigant effect against P.
neglectus, Indeed, in most years nematode
numbers have increased in the presence of
our biofumigant crop.

However, there is hope, [t seems that plants
producing higher root levels of 2-PE glu-
cosinolate {2-PE GSL) show greater resis-
tance to invasion and muldplication by this
nematode {Fig. 3).

While only a few individual plants (<15%)
within the population are particularly sus-
ceptible, this is enough to result in signifi-
cant multiplication of the nematode in the
field. However, plants producing sufficient
2-PE GSL in their roots lose this susceptibil-
ity and so will be more reliable in control-
ling nematode numbers during the season.

US Grower’s Successful Use
of Mustard Green Manure in
a Two-year Potato Rotation
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Fig. 3. Relationship between root 2.PE GSL
and resistance of canola (cv. Dunkeld) 1o root
lesion neinatode .

Populations bred o produce different levels
of 2-PE ghicosinolate do confirm this Find-
ing (Fig. 4). It is important to note that the
root fissue produced by such populations
also produces a stronger biofumigation ef-
fect (Fig. 5) - providing two-pronged patho-
gen control.
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Fig. 4. Impact of increased root 2-PE GSL
level on resistance to root lesion nemaiode.
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Fig. 5. Effect of a 1% sail amendment of B.
napus oot tissse containing different 2-PE
GSL levels on mortality of root lesion mema-
tode.

The lessons learnt in this smdy may well be
applied 1o improving the reliability of biohu-
migant crops within horticultural rotatdons.

First and foremost, they illustrate the impor-
tance of ensuring that the crop used is acin-
ally resistant to the pathogen in question.

Further, the variation in root 2-PE GSL
levels found in individual camola plants is
likely to also be present in many of the fod-

ale Gies of Moses Lake, Washington,

USA, has been successfully growing
a shont season, fresh market potao in a
two-year Totation with spring wheat for the
last six years. Between the wheat and po-
t@ato crops, he uses a while mustard {Stnapis
alba) green mamwe cop. Dae has the
mustard seed flown onto his wheat fields at
11.2 kg/ha just before wheat harvest, Then
after harvest, he packs the field without
incorporating the wheat stubble and irvigates
the mustard crop.

Dale uses a selective herbicide to kill the
volurmteer wheat, The mustard cop (ov.
Martigena) grows quickly in September and
is chopped and disked, with the wheat stub-
ble, into the soil in late October or early
November, The following spring, Dale
applies metam sodium, and then plants Rus-
set Norkotah potatoes. This is a short sea-
son fresh market potato very susceptible to
infection by Verttcllftum dahlize.

On-farm research shows that this rotation
has increased soil organic matter levels.
Water infiltration rates have also been
measured to be 2-4 times that of neighbor-
ing fields with the same soil type. In a
2000 study, the yields of potatoes afier the
yellow mustard with no fumigant applica-
tion were not significantly different than
those after mustard with fumigant. These
averaged 71 tons/ha of US #1 potatoes
(=>113.4 g) with wtal vields being just over
84 toms/ha.  This study will be repeated in
2001.

Dale does not have root-knot nematodes in
his fields, but the levels of other parasitic
nematodes have decreased under this rota-
tion. In addition. there appears to be no
buildup of Verdeillium dahiiae afier three
potaio crops in six vears.

This research is being expanded to indude
growers of long-season potatoes that will go
0 processors, and growers who have fields
with parasitic nematode problems. Other
information available at http://grant-adams.
wsu.edu.

- Andy MoGutre, Washington State Univer-
sity (am cgnire@wsu edu),

der brassicas available as biofumigants. It
may therefore be possible w0 increase levels
in a similar fashion, leading w fodder crops
that provide a more reliable biofumigant
effect throngh a combination of improved
resistance and more reliable biofumigation.

- Mark Potter, Field Crops Pathology Unit,
SARDI, Adelaide. {08-83039452; potter.
mark @sangov.sa.gov.au}.
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Does Incorporation Strategy Hold the Key to Biofumigation Success?

l ew research results suggest that the

method used to incorporate biofumi-
gant crops may be the most important
factor influencing the success of biofumi-
gation for pest control.

The research was conducted by Matt
Morra (University of Idaho) and Johm
Kirkegaard (CSIRO Plant Industry) dur-
ing a recent one-year GRDC Visiting
Fellowship to CSIRO by Matt to investi-
gate factors influencing the release of
isothiocyanates (ITCs) from Brassica
biofumi gant crops.

The framework used for the research is
shown in Fig, 1.

PLANT
Potential ITC
(biomass, GSL conceniration, GSL
type & toxicity to plant pest)

SOIL
Actual ITC
(release efTiciency, residence time)

v

PLANT PEST SUPPRESSION

Fig. 1. Thecretical framework in cphmising
GSL-contaimng plants as sources of ITCs for
suppression of soil-bome pests and diseases

Research on biofumigation to date has
been focussed on an understanding of the
types and concentration of glucosinolates
(GSLs) present in Brassica biofumigant
crops and the toxicity to pest organisms of
the main I'TCs liberated,

This work indicated the ‘biofumigation
potential’ of various biofumigant crops
from the total ITC-liberating GSLs in the
tissues.

However, pest suppression is reliant on
the release of these I'TCs into the soil fol -
lowing incorporation. ‘This aspect has
received less aftenfion.

Some of Matt’s eatlier studies suggested
release efficiency may be less than 5%
This indicates that there may be potential
for considerable improvement in the re-
lease of TTCs into the soil.

Two currently available high GSL biofu-

migant crops (BQ Mulch and FUMUS)
and two low GSL breeding lines were
grown in the field and incorporated using
two passes of a rotary hoe at flowering.

The ITCs in the soil were measured peri-
odically for 72 h following incorporation.

The method developed by Matt involved
soil sampling, methanol extraction and
then derivatising the ITCs in the soil ex-
tracts using 1.2-benzenedithiol to form a
more stable compound readily quantified
using HPLC.

The results (Fig. 2) show that the highest
amounts of ITCs were detected 2 h after
incorporation, with a decline during the
following two days. The increase at the
end of the sampling period was associated
with rainfall (11 mm).

—— Highmustars

Tww groun)

Fig 2. ITC concentraion m sal after field
ncorporation of rape and mustard shoot tissues
with low and high GSL content

The high GSL varieties of both species
gave higher levels of ITCs in soil. How-
ever, the mamdmum ITC concentration
measured in soil did not exceed 1.0 nmol
g', which was barely 1% of the ITC po-
tentially available in shoots at the time of
incorporation.

A laboratory study was conducted to in-
vestigate the impacts of tissue disruption
and soil water content on ITC release from
mustard leaf tissues.

Small leaf discs (3.7 cm) from a high GSL
mustard variety were added to soil in glass
jars either fresh (immediately after cut-
ting) or after freezing The freezing was
designed to cause maximum cellular dis-
ruption and ITC release. The soil was
kept either moist or waterlogged.

Results (Fig. 3) show that fresh leaf discs
produced ITC concentrations less than 1

nmole g' throughout the experiment.

e f e d-OIST
—o—Fredruamiogged
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Fig 3. ITC concentration m sol of two differ-
ent maisture contents after laboratory meorpo-
ration of fresh or frozen mustard tissues. Note
log scale on y-axis

In confrast, freezing the lissues prior fo
incubation produced a large flush in ITC
concentration up to 75 nmole g'L, increas-
ing release efficiency from <1%to 26%.

Wetter soil also maintained higher ITC
concentrations for both fresh and frozen
tissues.

The results show that soil-bome pest sup-
pression is likely to be improved by
choosing a high GSL variety and provid-
ing adequate moisture to increase ITC
release and retention.

But the results further indicate that the
greatest improvements in the use of Fras-
sica biofumigants to control soil-bome
plant pests will be achieved by developing
methods to increase cell disruption and
thereby increase ITC rel ease.

Both physical and chemical methods are
now being explored.

- John Kirkegaard, CSIRO Plant Indus-
try, Canberra (02 6246 5080;
Tohn Kirkegaard@csiro.au).

The horticulturad and gruns  indusiries  are
supporting research on the hiofumigation concept
Mmugh Horticulture Austrafia & GRDC.
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In Vitro Suppression of Potato Pathogens by
Volatiles Released from Brassica Residues

Mustard Hits
Bacterial Wilt

ecently, Robin Harding, SARDI,

Adelaide conducted a laboratory
trial comparing the antifungal properties
of Brassica juncea (Indian mustard), 5.
napus (rape or canola), Raphanus sati-
vus (radish), oats, B. junces seed meal
and pellet formulations on the fungal
growth of Verticillium dahliae
(Verticillium Wilt), Colletotrichum
coccodes (Black Dot), Rhzoctoma so-
lani AG3, and AGS (Black Scurf), Fhy-
topthora erythroseptica and P. crypto-
gea (Pink Rot).

In summary, findings were as follows:

L growth of all fungal isolates
were reduced when in the presence
of all amendments; however, rates
of amendment varied between spe-

cies.

L fungal suppression generally
increased with increasing levels of
amendment.

. leaf and root tissue of all brassi-

cas suppressed all fungi greater than
stem tissue.

. Fhytopthora spp. were the most
susceptible whilst V. dahlize was
the least susceplible.

. B. juncea and B. napus leaf tis-
sue were more inhibiting than 7.
sativis,

. B. juncea meal and pellet formu-

lations had the most prominent ef-
fect.

. 100% suppression of all patho-
gens occurred within B. juncea meal
treatments, whereas pelletised meal
formulation only suppressed F£.
erythroseptica and P, cryptogea by
100%.

. glucosinolates that were isothio-
cyanate (ITC)-liberating were high-
estin B junces meal (48 pmol g
and lowest in R safivis stem tissue
(2.1 pmol g").

. of all plant species and parts,
GSL levels were highest in leaf tis-
sue from B. juncea (38 pmol/g).

Table 1 gives results of the percentage
inhibition of mycelial growth in the
fungi after exposure to the maximum
quantity of tissues tested (0.1 mg).

These results show that volatiles ema-
nating from leaf and root tissue of 2.
Jjuncea and B, napus and meal from B.
Jjuncea are inhibitory to a number of
significant fungal pathogens of pota-
toes.

They also show that substantial varia-
tion in GSL production exists befween
Brassica species and plant parts, and the
variation in the sensitivity to these vola-
tiles between the fungal species.

The higher levels of suppression by the
B. junceéa meal extract compared to the
pelletised formulations are consistent
with higher concentrations of ITC con-
tained within the meal.

This high inhibitory effect of the meal
suggests that future research should be
directed at developing this material for
use as an economical soil amendment.

- Robin Harding. South Australian Re-
search and Development Institute, Ade-
laide (08 8389 8804; hard-
ing.robin@ saugov.sa.gov.au.

Table 1. Intubition (%) of mycelial growth after exposure to volatiles released from 0 1 mg Brassica
residues, and concentration of ITC-ltberating GSLs

Fungus B. mncea B.juncea B juncea B napue R satowus Oats
meal pellets leaf (root) leaf (root) leaf (root) leaf
Glucosinolate (umol/g) 45 10 38(16)  25(36) 6(12) .
Rhizoctonia AG3 100 34 50 (40) 44 (39) 42 16
Rhizoctonia AGE 100 36 23 (28) 3127 9(8) 12
V. dakliae (A& B) 100 27 3437 33(38) 12014) 13
C. coccodes (A & B) 100 17 52 (40) 51(43) 23(18) 14
F. erythrosepiica 100 100 50(13) a1 1
F. eryptogea 100 100 S5(1n 0% 0

UMUS® F-E75 and F-L71 are Bras-

sica juncea (Indian mustard) culti-
vars developed for use as biofumigants in
broadacre and horticultural farming sys-
tems in a joint venture between AgSeed
Research and Agriculture Victoria.

In an attempt to determine the efficacy of
these cultivars against pathogens such as
bactenial wilt and Fusarnom that are a
problem for some potato growers, several
growers spread along the coast of Vietonia
have recently trialled either cultivar.

A 4.5 ha potato paddock just east of Mel-
bourne infected with bacterial wilt was
sown with varying treatments of FUMUS®
F-E75. Some very interesting results
stemmed from this exercise.

The paddock in question would generally
not have been sown to potatoes in the
summer of 1999/2000. Rather it would
have been left open to the hot conditions
in an attempt to decrease the severity of
bactenial wilt.

A crop of FUMUS® F-E75 was sown into
approximately two thirds of the total area
in June 1999 and ploughed in at 20-30%
flowening in early September 1999.

The paddock was left for 2-3 weeks before
half of the previously sown area (one third
of the total area) was sown to FUMUS® F-
E75 a second time in late September 1999,
This crop was destroyed in mid December
at 20-30% flowering.

The total 4.5 ha was sown to potatoes in
the first week of January. The results of
the 0, 1 and 2 mustard erop phases were
quite marked.

From the arca where no crop had been
sown (area 1) the grower harvested just
300-500 kg/ha.

The area where one FUMUS® F-E75 crop
had been sown (area 2) vielded 10-12
tonnesha.  The final area in which two
sequential crops of FUMUS® F-E75 were
sown (area 3) yielded 20-22 tonnes/ha.

This ancedotal tnal suggests that popula-
tion of bacterial wilt in soil can be de-
creased by the use of FUMUS® F-E73

Crops as gren manurcs.

- Kate Light, AgSeed Research, Horsham
(03 5382 1269; katie@agseed.com.au).

Thn saf s preaponn of Vo Fiafrna gofoe. Wpdad s in e dussarmioncts weandafhs seforwstive. Nailda GORD, e Mo ieoidsals, o1 11 1maniad crd frodins igaes eiwrs 1900t 0 waniont Wl 1o seformalion comdonsad vo 1 lipdals 11 aicmrala o1 complda
ok ol U cforen oo poston b oy it fon ol B, Ao

o]

8 ofrd i o i

o e U,

Desdtop poblisking by Jokn Hitthiosssn, SSRD Eoi emaloge. Peth

160



HORTICULTURE

Upaate,

CSIRO

ifumigation

No. 15 April 2002

Compiled by Jofin Matthiessen < Jofin Kirkegaard

Plant Maceration and Moisture Hold the Key to Biofumigation Success

n the last Riofimigation Update, Johm

Kirkegaard, CSIRO Plant Industry,
Canberra and Matt Morra, University of
Idaho, Moscow, Idaho USA reported on
laboratory and small-scale field experiments
carried out during Matt's GRDC Visiting
Fellowship in Canberra,

Their results indicated the importance of
cell-level disruption of Brassica tissue, and
adequate moisture to increase ITC release
and retention in the soil.

Disruption of the plant tissue at the individ-
ual cell level, by freezing and thawing, dra-
matically increased the amount of ITC
formed — by an average of about 400-fold.
The results showed that the efficiency of
conversion of GSLs to ITCs could be in-
creased from under 1% to over 23%.

Having the plant tissue in saturated soil in
turn approxinmtely doubled the concentra-
tion of ITC in the soil. Also, rainfall after
rotary hoeing brassicas into soil caused a re-
activated ‘flush® of ITCs into the soil several
days after incorporation.

Surprisingly, higher GSL brassicas did not
result m ITCs in the soil that reflected the
relative concentration of GSLs in the plants.
For example, a mustard cultivar with 5x
higher GSL than another only gave 2x the
ITC in the soil.

Similarly, a fodder rape cultivar with 20x
higher GSL than another only gave a 3x
greater ITC concentration in the soil. Thae
is, as yet, no explanation for these puzzling
findings.

Overall, the results suggested that the major
factor linuting biofummgation potential in the
field is ITC release from plant tissue, and
that greatest improvement should be
achieved by developing methods that in-
crease cell disruption and maximise hydroly-
sis of GSLs to ITCs.

The combined cffect of cellular disruption
and excess moisture causing a major in-
erease in GSL to ITC conversion efficiency
suggested that methods used to break down
plant tissuc and the pattern of ITC release
and retention in soil need to be better under-
stood to remove an apparent botdeneck mn
the system.

Recent work has given cause to believe that
substantial improvements in the effective-
ness of biofumigation can be achieved by
management strategies that growers can
readily adopt.

Field studies

With the background information provided
by the laboratory and field experiments in
Canberra, John Matthiessen with research
chemist Ben Warten, technician Mark
Shackleton, of CSIRO Entomology, Perth,
and with the involvement of Busselton,
Western Australia, potato and vegetable
farmers Keith and Paula Taylor, carried out
an extensive range of field experiments to
test various practical incorporation tech-
niques on the amounts of ITCs detectable in
soil.

With different analytical facilities at their
disposal, the Canbera team measured the
combined total of all ITCs in soil, while the
WA team was able to measure individual
ITCs.

The soil in which the study was camied out
was a sandy loam.  The brassicas, a fodder
rape and a nmstard, were sown in mid-Tune,
and grown without irmgation.

Plant reatment and incorparation operations
were carried out i the first week of October
when the mustard was in the carly stages of
flowering (the fodder rape does not usually
flower in the mild winter conditions of the
Bussclton region),  Soil moisture then was
around field capacity.

Two different methods for breaking up the
plant fissue were employed. The plants were
cither chopped and incorporated with a ro-
tary hoe, or the above-ground parts were
pulverised with a mulcher.

The nmlching was aimed at breaking apart
the plant tissue more thoroughly than rotary
hoeing, in an endeavour to obtain the cell-
level disruption achieved by freezing and
thawing in the laboratory experiments. The
process appeared successful, tuming the
plant tissuc into a pulp with juice rmning
freely into the soil.

The mulched plant tissue was cither lefi on
the surface of the ground, or was immedi-
ately incorporated mto the soil using the
rotary hoe (images at:
http://www. ento.esiro. aw'rescarch pestmgmt/
soil _pests/biofumigation_info.html).

Fig. 1 shows the total ITCs in the soil under
cach of the three treatments for the fodder
rape and nustard at 0 and 2 hours, and 1,2,
7 and 14 days, after treatment.

Every treatment resulted in an early “spike’
of ITCs in the soil. However, mulching and

immediate rotary hoeing produced a 5-10x
greater ITC concentration than rotary hocing
alone or mulch on the surface ~ a substantial
improvement, especially noticeable for the
mustard.
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Fig. 1. Concentration of ITCs in soil after
three different incorporation methods, for
fodder rape and mustard.

Both rotary hoecing and mulching alone
caused only a very brief and low-level
“flush’ of ITC, with concentration dropping
quickly during the first two hours.

In contrast, the mulched and rotary hoed
material slightly inereased the ITC coneen-
tration in the soil during the first two hours
before declining relatively slowly over 1-2
days, with the mustard showing the best
petsistence,

Effect of water

The cffect of adding water to the various
plant treatment and incorporation methods
was tested at various time intervals, No rain
fell during the period.

PVC ¢eylinders 30 em in diameter were ham-

mered into the ground in the various treat-
ment areas and the equivalent of 14 or 42

- Clont iued over page
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o of water was added.

The amounts of swnulated rrigation were
chosen to test whether the fairly typical 10-
15 mm watering a farmer may be accus-
tomed to giving a crop would have effects on
ITC release, or whether substantially heavier
application of water may be needed to maxi-
mise effects. It is likely that the loamy soil
where these tests were done will require
more water to produce effects than in a
sandy soil

In general, the lower irrigation had consid-
erably less effect in the study soil, so the
results for the 42 rmm sirmulated irrigation are
presented to illustrate the principles.

Fig 2 shows the effect of adding water to the
soll two and seven days after rotary hoe
incorperation of the brassicas and sampling
the soil for ITCs either two or 24 hours later.
Water added after two days produced a large
flush of ITCs i the mustard area two hours
later, while in the fodder rape the effect was
greatest when the water was added after
seven days

100 -
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Fig. 2. Concentration of IT Cs in soil follow-
ing rotary hee incorperation, with the soil
wet either 2 or 7 days later and sarmpled 2 or
24 hours after that.

However, the really big surprise 15 shown mn
Fig 3, where the mulched plant material was
left on the surface of the ground and watered
immediately after the mulching operation,
and the so1l sarnpled two or 24 hours later.

For both brassicas, but the rmustard in par-
ticular, this treatment resulted in a massive
flush of ITCs into the soil. Encouragingly,
the concentration of ITCs under the mustard
of almost 100 nmol/gram soil was even
greater than the concentration in the labora-
tary experiments with frozen and thawed
tissue (see Bigfumigation Update 14)

For cotmparison, we estirmate that a typical
application of metham sodm will produce
a methyl ITC concentration of around 400
nmol/gramn soil if distributed uniformly in
the top 30 an  However, we know that

the comparative difference could be less than
it appears
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Fig 3. Concentration of ITCs in soil follow-
ing mulching and leaving mulch on the sur-
face, with the mulch wet immediately and
sampled 2 or 24 later.

The concentration of ITCs in the soil under
the mustard was about 5x higher than under
the rape. We estimated the total potential
ITCs in the Elants (shoots plus roots) to be
45 mmol m™ metre for the rmustard and 15
mimol m? for the fodder rape, and the GSL
to ITC conversion efficiency for beth plant
types to be in the range 30-40% - a very
encouraging figure.

A closer correlation of the 5-fold difference
of the ITCs in the soil under the mustard and
the fodder rape was with the level m shoots
alone. This totalled 42.8 m? fer the mustard
and 2.7 rmrmol mi? for the Fodder rape—alsoa
5-fold difference

After 24 hours the total soil ITC concentra-
tion under both types of plant had fallen to
about 10% of the level after two hours

When the areas that had been rmulched and
immediately rotary hoed had water added at
different times, ITC production was re-
activated. In Figure 4 it can be seen that
watering separate parts of these areas cne
and two days after mcorporation resulted in
quite a good ITC flush after twao hours

Again, as was indicated mn Figure 2 which
showed effects after rotary hoe meorporation
of whole plants, the effects of water seemed
to lag more for the fodder rape than they did
for the rmustard

This may be related to the different GEL
profiles of the two types of plants. Precursor
G3Ls of much more volatile ITCs predomi-
nate in the rmustard

What it means
While there are still a lot of details to exam-

e further, it 15 now clear that biofurnigation
effects have a much greater chance of being

do the job as well as freezing and thawing
plant tissue, which is very encouraging as
fireezing is abviously impractical in the field!

It 15 also clear that a thorough watering will
help maximise the production of ITCs, again
confirming laboratery results It 1s likely
that the water will also help the dispersal of
the IT Cs through the soil

The results suggest that growers who could
water heavily immediately after mulching a
bicfumigant could benefit from leaving the
pulverized plant material on the surface of
the ground. Further work 1s needed to see
how long the interval betw een mulching and
watering could be before losing effects

through drying

00 -
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Fig 4. Concentration of ITCs in soil follow-
ng rulching followed immediately by ro-
tary hoeing, with the soil wet after 1, 2 or 7
days and sampled etther 2 or 24 hours after
that.

Growers unable to water quickly may be
better off incorperating the mulched plant
matter and  watering  later The ‘re-
activation’ effect seems to last for some
time, apparently more so for the fodder rape
than the mustard.

It seems ldcely that the amount of water
required for maximum effect will vary with
the soil type. We examined only two widely
different simmlated irrigation levels mn a
single soil type m the field. Inthe loamsoil,
the beneficial effects were net strongly evi-
dent with 14 mm, yet 42 mm may have been
more than the minimum required to obtain
the effects

More research on these phenomena is still
required to help optimise the effects in dif-
ferent situations. The results give us great
encouragernent that substantial inprave-
ments in the efficiency of ITC production
and dispersal mn soil can be readily achieved
by growers i a practical way, and that vari-
ous options can be employed to sutt individ-
ual circumnstances

- John Mutthizssen, CSIRO Entormnology,

many of the ITCs that occur m the brassicas maxirmsed 1f the plants can be pulverised, Perth (0% Q33 6641,

are a great deal more toxic than MITC, so rather than chopped. The mulcher seemed to John Matthiessen@esiro au)
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Potato Growers’ Positive Experiences With Biofumigant Green Manure

otato growers GeeofT,

Joan and David
Hobson from Thorpdale in
Gippsland, Victoria have
recently related their experi-
ences in using mustard as a
biofumigant green manure
in their infensive rofation.
The practical information
should be of wide interest.

They plant potatoes from
August to mid-November
each year, harvesting in
February-May. Annual
average rainfall is above
950 mm, winter-dominant.

As soon as the field is
cleared and waste tubers
eaten by sheep, the land is
prepared for sowing mus-
tard in May-June. The soil,
which is friable red volcanic
clay with good water infil-
tration characteristics, is
cultivated using a chisel
plough.

The fine seed bed needed
for the small mustard seeds
is obtained with a power
harrow working to about 7-
10 am. The seeder is piggy-

backed onto the power har-
row, dropping the seed behind., and the
combination has a trailing roller.

The roller is made from solid rubber fork-
lift tyres, in place of the conventional
metal cage roller, to firm the seeded bed.
However, Geoff feels that pneumatic tyres
would be better.

The mustard is grown for about 100 days,
until early flowering. It is then mulched
using a 4.5 m wide 4-row profiled pulver-
iser normally used to destroy potato stems
in preparation for harvest.

Because this implement i set up with
short and long blades to follow the con-
tours of the hilled potato beds, some of the
blades are changed to obtain uniform

lengths,

The pulveriser then works uniformly
across the flat surface in which the mus-
tard is grown. This maximises the ufility

Fig. 1. Pulverising mustard green manure.

of the implement and avoids the need for a
separate mulcher,

Immediately after pulverising, the mustard
is incorporated infto the soil using a
mouldboard plough. It is then left for
about one month before being disc har-
rowed at least 2-3 times at approximately
two-week intervals.

A deeper cultivation is then carried out
with a chisel plough. In preparation for
planting potatoes, a four-row bed former
is then used to form the hills, and the an-
nual cycle resumes.

Usually the mustard is not sown with fer-
tiliser as there is sufficient left after the
potato crop, depending on the fields his-
tory. About 50 Kg/ha of urea is spread
when the mustard is around 30 cm high.

Geoff feels that the Brassica rofation
needs to go through about three cycles to

achieve optimum results.

They have been using mustard
8 in winter only in place of rye-
corn in this rotation for the last
five years, on land that has
been in potato production for
15 years without a total break,
and are very satisfied with
potato yields and quality.

Previous rotations have in-
cluded winter wheat and barley
for 3-4 vears, but they are
happier with the mustard.

The only drawback Geoff
notes is that the pulverised
mustard carries with it a lot of
moisture into the soil when

ploughed in.

They are trying to reduce this
by pulverising and ploughing a
little earlier before the mustard
develops too much biomass,
and to give more time between
ploughing and planting pota-
toes for weathering down.

Figure 1 shows the mustard
being mulched. The jpg file
of the colour photographs is
moderately large (1.2 Mb), but
those who would like it e-mailed, please
e-mail John Matthi essen@csiro.au. Alter-
natively, view them in Biofimigation
Update 16 at:
http://www.ento.csiro.au/research/pestmg
mt/biofumigation/newsletter_list.html.

- Geofff Hobson. Thorpdale (03 5634
6397 hobsoni@ sympac.com.au),

The horticulturad and gruns  indusiries  are
supporting research on the hiofumigation concept
through Horticulture Australia & GRDC.
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Successful Use of Biofumigant Green Manure Crops for Soil-Borne Disease Control

ecent field trial studies on green ma-

nure crops by Hoong Pung, Susan
Cross and Dennis Patten of Serve-Ag Re-
search m Tasmania have shown that biofu-
migant green manure crops could increase
mardcetable yields of subsequent lettuce
crops by reducing tipbum, bacterial rot, and
Sclerotinia disease. The benefits appear to
depend on local soil conditions and the type
of crop used

Green manures were sown 0 July 2001 and
rotary hoed to 25cm when the mustard, rape
and broad beans were flowenng in October-
November Lettuces were planted in De-
cember (Trial 2) and January 2002 (Trial 1)

Tral 1 was located at Cambridge, i an area
that has a history of lettuce production and
severe Sclerotinia disease Tnal 2 was lo-
cated m Forth in an mtermuftently cropped
paddock with a low level of Sclerctinig

These differences werereflected mn the imtial
sclerotia count in soil samples from the two
sites at the beginning of the trial, before
green manure crops were sown. The Trial 1
site had relatively high levels of £. momar
sclerotia, while very few or no sclerotia were
found in the Trial 2 area (Table 1 & 2)

In Trial 1, the biofurmgants BQMulch and
Fumus significantly reduced the percentage
of plants with Sclerarnia wilt (Table 1)
BQMulch appeared more effective than

Fumus in reducing wilted plants. Oats and
broad beans had little or no effect

In Trial 2, at close to commeraial harvest,
the lettuce plants had a relatively high inci-
dence of tipbum and/or bacterial rot, which
was reduced by the Fumus, resulting mn a
increase n the percentage of marlcetable
lettuces (Table 2)

BQMulch, broccoh and broad beans had
Iittle or no effect on tpburn andior bacterial
rot, and hence did not significantly inerease
the marketable yield compared to the un-
treated control

Bacterial rot often occurred on the mner
leaves of plants also showmng tipburn  Tip-
burn on inner lettuce leaves 1s usually atirib-
uted to calewm deficiency, which also
makes them susceptible to bactenal rot

The biofurnigant crops used n the trials were
selected through conventional breedmg for
therr high levels of 1sothiocyanates (ITCs)
Apart from any biofurmgation effects, the
aop residues also increase organic matfer
and nufrients, and mmprove soil structure
Fumus is a variety of mustard, while
BQMulch is two rapes.

In both tnals, Fumus flowered approxi-
mately two weeks earlier than BQMulch
Analysis of the brassicas, sampled prior to
incarparation into sotl, showed that Fumus
produced higher levels of ITCs

Table 1. Effects of green manures on Seleratima minor sclerctia 10 thewr shoots, whereas most of

and disease in a subsequent lettuce crop. Tnal 1

the ITCs for BQMuldh were mn

Mean no sclerotes/200g
soil

the roots (Table 3)

The better Sclerotina disease

control with the BQMulch

Sclerotima wilt  plants may be due to the higher

ITC levels m their roots The
biofumigant plants from Trial 1
2%he produced much lower levels of
ITCs than plants from Trial 2

17ab These differences may be due

Treatment Initial count Final count % plants with
(5(7/01) (1/3102)

Untreated control 26 10 31e

Oats 16 at

Ercad bean 15 1 24bc

Famus 16 g

BOQMulch 25 7

to the different scil types The
38 erops were sown in poor clay

Values with scame letter are not sgnificantly diferent at 24 nt-nof tested

loam soil at Cambnidge, com-

pared ta rich, friable ferrosol soul at Forth

In the final assessment for sclerotia levels in

soil from Trial 1, even though BCOMulch and

Furmus plots tended to have lower levels, the

differences with other treatments were rela-

tively small (Table 1)

Table 3. Total ITC concentration mn plants

(Hmollg)
Trial Variety Tissue ITCconc’n

1 BQMulch Shoot 27
Root 16.6

Fumus Shoot 6.1

Eoot 39

2 BQMulch Shoot 27
Root 422

Fumus Shoot 322

Root 234

This indicated that
BQMulch and Fumus appeared to have little
effect on the sclerotia viability m the soils
It 1 possible that the biofurmgant crop resi-

Table2. Effects of green manures on subsequent lettuce marketability Tnal 2

biofumigation by

dues act by inhibiting the mycelial growth of

the pathogen instead

At the end of the trials, when the lettuce

crops were ready for commercial harvest,

relatwely high levels of BQMulch and Fu-
mus crop residue were sull evident in the
trial areas  In contrast, there was little or no
broad bean, broccolt or oat crop residue left

n the sotl

The noticeable improvement of the poor clay

loam soil structure, with reduced soil surface
crusting and crackng and better water nfil-

tration, especially in the BQMulch plets in
Tril 1, may be due to the slow decay of
Brassica residues  The long-term effect of
the remaining 5rassica residue on the myce-

lial growth of Sclerctpuz 1s unknown

In both trials, the broad beans generated
relatwely high quantities of crop residues,

similar to those of the Brassica plants  The
differences cbserved in the soilborne dis-
eases appeared to be related to the mereased

Initial count % % unmarketable e
1977101 e Organic eralone
Treatm ent g\d:m m}_ m:ﬂ: % tip burn % other™ %
sclerctes/200g scal  lettuces & soft rot Sclerotina These trials were conducted as part of a
three-year project funded by the vegetable
Untreated 0 T2a 24 4 04 growers levy and Heorticulture Australia
il Ltd. Plant analysis for isothiocyanates was
Deodsli 03 7% 19 3 0 conducted by Mark Shackleton at CSIRO
Entomology, Perth
Broad bean 0 7%a 19 1 09
Panias 03 22 g 3 09 - Hoong Pung, Serve-Ag, Devonport (03
6423 2044, hpung@serve-ag com au)
BQMmulch 0 T4a 22 o 0

Faalues with sme lefter are nat 3grficantiy different at 5% *Flants refected due fo physiological disordar
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Soil Impacts on Canola Resistance and Biofumigation to Root Lesion Nematode

ecent work by Mark Petter at the
N\ South Australian Research & De-
velopment Institute shows that variation
in soil qualities, such as pH, total dis-
solved salts (TD'S), texture and trace ele-
ment levels, impact not only on the ability
of canola to resist disease, but also on the
‘biofumigation potential’ of the
tissues as they degrade in the soil.

Ten different soils were collected
from the field to represent different
areas of the key canola cropping
districts of South Australia.

Soils were gamma irradiation ster-

ilised, and assessed for parameters
including pH, TDS, texture, organic
matter, nitrate, phosphate, sulphate,
chloride and fluoride.

P megiectus recovery
(as % of recovered from wheat amendment)

Doubled haploid (DH) canola was
employed to allow discrimination
between environmental and genefic
effects (no genetic variation between
plants when using DH lines).

Plants grown in each of the soils
showed significant variation in resis-
tance status to the root lesion nema-
tode Pratylenchus neglectus.

P. neglactus recovery

Soils containing higher organic mat-
ter and lower levels of sand led to
plants containing fewer nematodes
at the end of a six week period.
High pH (>6.5, in water) and TDS
also led to reduced nematode num-
bers.

(a2 % of recovered from wheat amendment)

The different soils resulted in significant
variation in root glucosinolate levels,
although no soil parameter (including
nitrate and sulphate) was associated with
the variation.

DH plants with elevated levels of glucosi-
nolates contained fewer nematodes than
their otherwise identical counterparts.

A strong relationship was also observed
between root glucosinolate level (total
and 2-phenylethyl) and the toxicity of
powdered freeze-dried tissue amendments
to F. neglectus asthey degraded in a stan-
dard soil (Fig. 1). (Note that by graphing
% nematode recovery, the graph shows
that the toxicity effect on the nematodes

Fig. 2.

is greater as % recovery declines).

An identical sample of fissue was
amended into the range of soils, revealing
significant variation in toxicity due to soil
environment.

A Total glucosinolates
0

B 2-FE ghcomnolate

such as xylan (Sidhu ef al. (1999). Bio-

chemistry 38: 5346).

Parallels between xylanase and myrosi-
nase exist (Becker f al. (2000). Journal
of Biochemistry 345; 315), suggesting that
fluoride might be involved in the efficient
breakdown of glucosinolate, so in-
creasing the yield of isothiocyanates
(ITCs) in =oils containing glucosi-
nolates.
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Fig. 1. Relationship between root glucosinolates and toxicity
of amendments to Pratyienchus neglectus.
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Tissue amended into soils containing high
levels of silt was more toxic than when it
was amended into lower silt soils (Fig.
2A).

However, very interestingly, a strong
relationship was observed between tissue
toxicity and scil fluoride levels—the
more fluoride in the soil, the more toxic
was the Brassica tissue to the nematodes
(Fig. 2B).

Our current hypothesis is that the fluoride
impacts on the glucosinolate system.

Fluoride has been shown to be involved
in the formation of sugar/glycosidase
intermediates required to allow the cleav-
age of a glucose unit from fruit sugars

B Fluonde (mg/L)

Fluonde (mg/L)

Relationship between toxicity of identical fissue
amendments and soil parameters. (P=0.035, 9 df, r=0.632).

This may in part explain the low
yield of ITCs from tissues degrading
in many soils, and may soothe the
frustration of researchers who have
failed in seeing a reliable biofumiga-
" tion effect in field studies.
15
Further research is required to better
assess the role of fluoride in the
glucosinolate system,

These results also raise the prospect
that other soil factors such as miner-
als not examined in these studies
could influence biofumigation ef-
fects.

At the very least it shows the unex-
pected and not readily apparent
complexities that can occur in soils
when trying to manage soil-borne
p pests and diseases in altemative
ways to heavy doses of pesticides,
and the challenges that identifying
and managing these subtleties pre-
sent to growers and researchers.

- Mark Poitter, Field Crops Pathology,
SARDI, Adelaide (08 8303 9452. mpol-
ter@chariot.net.au).  This work was
funded by GRDC.

The horticulturad and gruns  indusiries  are
supporting research on the hiofumigation concept
Mmuyh Horticulture Austrafia & GRDC.
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Can Brassicas be Used to Manage Root-knot Nematode in Tropical Vegetable Production?

Root-knm nematodes (Melowdogyne
spp.) are a major constraint to the
production of vegetables in tropical re-
gions.

One method of management has been
rotations with crops that are poor hosts to
nematodes to break the nematode life
eyele.

But what are the comparative benefits of
using poor hosts compared to using plants
that may be toxic to nematodes, or a com-
bination of both?

Brassica species are moderate hosts to
nematodes, but contain glucosinolates
(GSLs) that hydrolyse to form products
including toxic isothiocyanates (ITCs)
that are reputed to control nematodes.

The aim of these trials carmied out by
Tony Pattison, Tanya Martin, Caroline
Versteeg (QDPL South Johnstone), Steve
Akiew, Joanna Arthy (QDPI, Mareeba)
and John Kirkegaard (CSIRO, Can-

However, no Fragsica was as resistant as
sorghum to nematode multiplication.

Toxicity effect

The toxicity effect of Frassica leaves was
tested in a laboratory petni dish assay by
adding 1,000 nematode eggs to 30g soil
and placing either 0.75, 1.5 or 2.25g
(equivalent to 2.5, 5.0 or 7.5% leaf to
soil) of frozen leaf matenial on the soil
surface. (Leaves were frozen to ensure
tissue disruption and ITC release).

The 2. juncea cultivars Fumus and Nem-
fix were as effective in reducing the de-
velopment of eggs to juvenile root-knot
nematode as methyl ITC (ie. metham
sodium).

Both Fumus and Nemfix had relatively
high concentrations of propenyl GSL
(36.0 and 33.6 ymole g leaf™) in the leaf
tissue compared to the other varieties,
Propenyl ITC is more volatile than forms
of ITC from the other

Together, the direct mortality and tomato
infestation results suggest an overall im-
pact of both organic matter addition and
chemicals in the leaf.

As well as the production of volatile com-
pounds, water-soluble compounds may
also be produced when brassicas are
added to soil, and there could also be
stimulation in parasites of nematodes as
the organi ¢ matter decomposes.

The effect of these different components
must be separated to determine their rela-
tive importance in nematode control.

In summary:

. Brassicas are partially resistant to
M, javanica,  The radish cultivar
Weedcheck had the best resistance,
although not as high as forage sor-
ghum.

. Brassicas are able to develop
volatile, nematicidal compounds
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Figure 1. Resistance of commercial brassicas to root-knot nema-
tode (M. javanica) relative to tomato (bars with same letters are not
significantly different from one another (P<0.05)).

berra) was to assess the feasibility of
using isothiocyanate-liberating Srassica
biofumigant rotation crops as part of an
integrated root-knot nematode manage-
ment strategy in tropical vegetable crops.

Braysica resistance

Commercial brassicas were tested for
resistance to root-knot nematode in a pot
trial.

Brassicas were found to be only partially
resistant to M. javanica. Therefore, Bras-
sicas have the potential to carry over
nematodes to the following erop (Fig. 1).

The most resistant variety was the radish
(Raphanus satvus) eultivar Weedcheck.

Weight of leaf issue perg of soil

Figure 2. Root-knot nematode (M. javanica) recovered from the
roots of tomato plants grown after incorporation of leaf matenial
into infected soil (bars with same letters are not significantly differ-

ent from one another (P<0.05)).

varieties.

The higher rates of leaf matenial added to
the soil inereased the mortdity of nema-
todes for all brassicas tested, but addition
of sorghum did not.

This suggested that nematode mortality in
the assay was affected by volatile com-
pounds within the leaf and not solely by
the addition of organic matter.

The incorporation of leaf material into the
soil reduced nematodes recovered from
the roots of tomato plants (Fig. 2).

Brassica tissue was ineffective at rates
less than 0.02 g per g of sail (2% W/W),

within their leaves that are released
when their cells are disrupted.

L] Incorporation of EBrassica leaf
material affects nematodes in at least
two ways: by organic matter and by
toxie compounds from within the leaf.

Some Brassicas exhibiting both high re-
sistance and high toxicity are currently
being tested in the field.

New K. satvus varicties are currently
being tested to determine if they have
improved resistance to root-knot nema-
tode.

- Teny Pastison. QDPI South Johnstone,
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p 4 Queensland (07 4064 1127;
while sorghum was effective at all rates. Tony Pattison@dpi.qld.gov.au).
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CONCLUSIONS

This project made major progress in various facets of our understanding of biofumigation,
particularly in revealing the key elements of how to achieve dramatically greater release of
ITCs from plant material and to maximise their incorporation into the soil. In that regard, it
achieved its title aims of optimising the process of biofumigation as it relates to the
production, release and incorporation of the toxic elements of brassicas that were the
foundation of the biofumigation concept.

The capacity to achieve leverage to carry out the specialist chemistry measurements through
involvement of Ben Warton, the post-doctoral chemist employed on the concurrent project
HG98034 was of great benefit. It illustrates how projects very often cannot be complete
singular self-contained entities. The integration of these two closely-aligned projects was of
very great value. Similarly, the interactions and collaboration maintained with John
Kirkegaard’s team added great value to this project, especially in giving the first indications
of the importance of cell-level tissue disruption in achieving orders of magnitude increases in
ITC release, and the crucial importance of water in amplifying the ITC release and transport
into soil. John and Matt Morra’s work in this regard was a watershed in the approach to
biofumigation that we were able to greatly build on.

One of the issues that this project could not investigate was the benefit of brassicas as rotation
crops that may lie outside the specifically-focussed ambit of biofumigation as conceived in
relation to the release of toxic ITCs. There is evidence emerging, notably from the work of
Hoong Pung at Serve-Ag in Tasmania that these plants may have other benefits in terms of
soil structure, water infiltration and so on. It seems likely that such benefits may be expressed
more obviously in heavy soils. However, it indicates the point that rotation-crop benefits are
likely to be multi-facetted and vary with the environment in which they are used.

It was disappointing that the field trial to investigate impacts on a soil pathogen were
inconclusive in that they could not test the core question of what happens when plant
disruption methods that dramatically increase ITC release are used. Nevertheless, it pointed
up the crucial issue that the type of plant mulching equipment used has an enormous effect on
the quantity of ITCs released from the plants.

There will never bee a single, simply-applied biologically-based solution to suppression of
soil-borne pests and diseases. That would be naive and unrealistic. But I feel that the work
carried out during this project, and its links to the work of others, has added greatly to the
knowledge base of how better effects of biologically-based methodologies may be employed
as an option or alternative for horticultural producers to consider. They will be better armed
to do their own trials to test how the concepts can be made to fit their many and varied
production systems as they seek to achieve sustainable production systems.

John Matthiessen

Principal Investigator
10 October 2003
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