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Foreword

Truffles are the hypogeous fruiting bodies of ectomycorrhizal fungi in the genus Tuber. In Australia
the industry is dominated by one species, Tuber melanosporum, which is highly sought in culinary use
for its unique aroma and flavour, commanding a price of up to $3000 per kg at the retail level.
However, production in Australia has been severely hampered in recent years by the occurrence of
truffle rot, which has resulted in heavy production losses estimated at up to 35% of the national crop.

The Australian truffle industry started in Tasmania in the early 1990’s. Truffle plantations can now be
found across southern Australia occurring in all states and the Australian Capital Territory. The
number of plantations is estimated at over 150, producing an annual yield of ca. 4 500 kg, which is
projected to increase rapidly as more plantations reach the productive phase. As truffle production
increases it is expected that total losses to truffle rot will also increase unless the cause of the problem
can be identified and growers have management strategies to prevent it.

This project follows on from preliminary work investigating the cause of truffle rot (PRJ-003686).

Results from this project identify the environmental and biotic factors involved in truffle rot and
provide a range of effective management strategies capable of reducing its occurrence.

This project was funded from RIRDC Core Funds which are provided by the Australian Government
with industry support from the Wine and Truffle Company.

This report is an addition to RIRDC’s diverse range of over 2000 research publications and it forms
part of our New and Developing Plant Industries R&D Program, which aims to facilitate the
development of new and developing industries based on plants or plant products that have commercial
potential for Australia.

Most of RIRDC’s publications are available for viewing, free downloading or purchasing online at
www.rirdc.gov.au. Purchases can also be made by phoning 1300 634 313.

Craig Burns
Managing Director
Rural Industries Research and Development Corporation
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Executive Summary

What the report is about

This project investigated the cause of truffle rot which is increasingly being found in Australian grown
black truffle, Tuber melanosporum. The problem occurs soon after the time of truffle initiation in
February through to harvest in June often resulting in the loss of large proportions of the total yield
and a downgrading in product quality. This project focused on the role of irrigation management in
development of the problem as well as the application of soil tillage as a potential remedy.
Furthermore, the microbiological component of the disease was investigated and a pathogenic fungus
was identified.

Who is the report targeted at?

The report is aimed at all truffle growers and managers, particularly those entering the productive
phase of management, as well as for those growers already experiencing losses to truffle rot.

Where are the relevant industries located in Australia?

Truffle production in Australia started in Tasmania in 1999 and has since spread to the mainland with
plantations now found throughout southern Australia. The number of plantations is estimated at over
150, covering approximately 600 ha. Production in the 2012 season was estimated at 4.5 tonnes, with
over 68% coming from the south-west region of Western Australia.

The majority of production is exported into the existing markets of Europe, USA and Asia, where
Australian truffles are able to fill the demand for 7. melanosporum during the northern hemisphere off-
season. Annual European production of T. melanosporum is estimated to range from 22 to 136 tonnes,
therefore a significant market exists for the Australian product (Renya 2013). Domestic consumption
over the 2012 truffle season was estimated at 800 kg and is growing steadily.

Truffle rot has been observed in New South Wales, Western Australia, Tasmania and the Australian
Capital Territory and has the potential to severely impact the industry nationally.

Background

Truffles are the subterranean fruiting bodies of mycorrhizal fungi belonging to the genus Tuber. In
Australia the industry is dominated by one species Tuber melanosporum, which is native to
Mediterranean areas of Europe and lives in symbiosis with several species of oak (Quercus) and hazel
(Corylus) trees. Truffles of T. melanosporum are highly prized by chefs and gourmands for their
unique flavour and aroma. Top specimens can fetch a price of up to $3000 per kg at a retail level. Thus
cultivation of truffles presents a potentially lucrative opportunity for Australian growers. However,
several of the major producers across the country have been experiencing large pre-harvest losses due
to truffle rot, which has severely hampered the success of the industry. At a national level the loss of
truffles was estimated at 35% of the entire harvest in the 2010 truffle season.

This project follows on from a preliminary study also supported by RIRDC, The Wine and Truffle Co.
and the Australian Truffle Growers Association (PRJ-003686). That study found truffle rot was
principally caused by truffles becoming exposed at the soil surface during development, where they
become susceptible to a range of stress factors. Irrigation management was implicated as a possible
causal factor, and this report further developed this hypothesis amongst others.

Aims/objectives

This project aimed to develop a better understanding of factors contributing to rot development. In
particular, the research set out to confirm the role of irrigation management on truffle rot and to

viii



identify the microbial agents involved. This research aimed to provide growers with a range of
management strategies to reduce or avoid truffle rot.

Methods used

The effect of irrigation on truffle condition was assessed in two large-scale field trials. The first
modified the frequency and rate of irrigation in a split-plot design conducted over two truffle seasons.
Two different frequencies of irrigation were tested (weekly and monthly) at 4 irrigations rates (0%,
9%, 50%, 100% replacement of water use (ETc); 0 and 9% treatments were changed to 50% and 38%
respectively in the 2012 season). The effect of treatments on truffle quality was assessed on each
truffle at harvest along with the depth at which the truffle was found. Our hypothesis was that high
levels of irrigation promoted the superficial development of truffles leading to rot. The second
irrigation experiment tested the effect of 6 to 12 week periods of drought at different periods of the
truffle development cycle, similar to the experiment that yielded positive results in 2010.

Cultivation of inter-row soil was assessed in 2010 as a means to increase the depth of truffle formation
by destroying surface roots and reducing soil strength. Cultivation was applied using a rotary hoe to a
depth of 8-10 cm to 6 plots of approximately 100 trees. The effects of treatment on the depth of truffle
formation and truffle health were assessed in 2010 and again in 2011. For the 2012 season, a second
trial was established to confirm our initial findings and test the effectiveness of 3 different methods of
cultivation: rotary hoe, ripping to a depth of 15 cm and ripping to a depth of 25 cm.

Investigation into the biotic component of the rot problem took the form of a symptom transfer study.
Macerated tissue of freshly rotten truffles were used as the inoculum source and compared to a
sterilised control. In addition, two pure strain fungal isolates observed sporulating on truffles in the
field, were included in the experiment. Each experimental treatment was applied to 20 growing truffles
in the field (100 truffles in total). Truffles were incubated for 30 days before harvesting to assess for
disease development and isolation of contaminating fungi.

The effect of covering exposed truffles with soil was assessed. The first experiment tested the effects
of covering truffles with 3 L of loamy field soil against leaving the truffle exposed in factorial
combination with damage to the periderm, in the form of a 5 mm groove made with a sterile scalpel.
One hundred and forty healthy truffles were located in the field and assigned to one of the four
treatment combinations in March 2012. Truffles were then left for 11 weeks before assessing the
truffles for rot development in the field. The second experiment aimed to more accurately replicate a
management application. Characteristic soil eruptions were identified in April and covered with 1.5 L
of soil. These were compared against eruptions left to develop naturally. In June, surface soil was
removed and the presence of rot was determined in the field.

Results/key findings

Results from the symptom transfer experiment confirmed that symptoms could be transmitted from
rotten tissue into healthy fruiting bodies, indicating the involvement of a microbial pathogen.
Furthermore, inoculation with the pure strain of Trichothecium crotocinigenum also resulted in disease
expression. Re-isolation of that fungi after harvest confirmed that it was an effective pathogen of
truffles of 7. melanosporum. Interestingly, T. crotocinigenum was also recovered from 50% of fruiting
bodies inoculated with the slurry of rotten fruiting bodies, which suggests that 7. crotocinigenum may
be a significant contributor to the rot problem at the study site. Results also showed that sporulation of
T. crotocinigenum was most prevalent on exposed fruiting bodies, suggesting that covering exposed
truffle with soil may be an effective measure to stop the spread of this particular pathogen.

Experiments on irrigation management confirmed preliminary findings of the influence of irrigation
regime on rot development. Reducing the rate and frequency of irrigation from 100% of evaporation
replacement to 50% or less, and reducing the frequency of irrigation from a weekly cycle to a monthly
cycle, resulted in a gradual increase in the depth of truffle formation over the two years of the
experiment. In the second year a significant effect was also observed on the proportion of truffles
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going rotten which declined from 18.8% in the 100% ETc treatment to 13.1% in the 50% ETc
treatment. Interestingly, when irrigation was supplied weekly, there was an increase in the proportion
of hypogeous truffles going rotten compared with the monthly irrigation treatment. This suggests that
hypoxia may also be involved in the rot of truffles when irrigation is supplied frequently.

Experiments to demonstrate the effect of the length and timing of drought showed no reduction in the
proportion of truffles with rot. In fact all drought periods resulted in increased levels of rot when
compared to the control, suggesting that drought stress maybe an additional rot causing mechanism.

Soil cultivation using a rotary hoe demonstrated a dramatic decrease in the proportion of rotten
truffles. Results from 2010, 6 months after treatment application, were inconclusive, but in the
following season the proportion of rotten truffles was reduced from 36% in the control to 16% (p =
0.007). Analysis showed that cultivation increased truffle depth suggesting that this is the mechanism
responsible for the reduction in rot. The follow up study investigating different methods of soil
cultivation showed all cultivation methods had a beneficial effect but insufficient data was available to
make any other conclusions.

Artificially exposing truffles significantly increased the chances of rot when compared to truffles
which were subsequently covered with soil. Seventy six per cent of the exposed truffles were rotten
compared with 29% of the covered truffles, definitively proving that surface exposure leads to rot
development and that covering with soil is an effective remedy. Damage to the peridium did not affect
the chance of developing rot. When soil cover was evaluated without prior exposure of the truffle, a
significant improvement was again observed. Allowing eruptions to develop naturally resulted in 35%
of truffles developing rot compared with 17% in the covered eruptions.

Implications for relevant stakeholders

Truffles are a high value gourmet food crop, and the business is emerging as a successful industry for
rural Australia. This project provided significant insight into the cause of rot in truffles, which has
been a serious threat to the profitability of the industry. Reduction in the occurrence of rot through
adoption of these findings will result in a substantial increase in truffle production at a national level
and ensure the quality reputation of Australia grown truffles on the world market.

Recommendations

Rot of truffles is a complex process involving a variety of causal agents and contributing factors. The
management of irrigation can cause rot directly both through excess and insufficiency, but also
indirectly by reducing the depth at which truffles are found. Further work is required to establish the
optimum criteria for irrigation of truffle plantations, but the current research provides some baseline
figures.

Truffles that breach the soil surface during development should be covered with soil soon after being
identified. Covering truffles reduces truffle rot and also prevents sporulation of the truffle pathogen
Trichothecium crotocinigenum. Covering truffles is a labour intensive task and the viability of
covering will depend on the productivity of the plantation, extent of the rot problem and the presence
of other rot causing factors.

In areas where rot is caused by truffle exposure, farm managers can employ cultivation of the surface
soil to effectively control rot. Cultivation may also increase soil aeration, and reduce the risk of rot
from hypoxia following excessive irrigation or rainfall. Further work is required to evaluate the
effectiveness of cultivation on different soil types as well as the longer terms effects of cultivation on
tree root architecture and soil structural decline in the truffle plantation setting.

Further work is required to assess the distribution of Trichothecium crotocinigenum within Australia
and its contribution to truffle losses. The use of soil cover appears to be an effective measure to



prevent its dispersal, but research is required to better understand its life cycle within the plantation
and identify other means to reduce inoculum potential.
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Introduction

Truffles are the subterranean fruiting bodies of mycorrhizal ascomycete fungi belonging to the genus
Tuber. The Australian truffle industry is dominated by one species, Tuber melanosporum which is
native to the Mediterranean areas of France, Italy, and Spain. Truffles are highly sought by chefs and
gourmands for their unique flavour and aroma. They can fetch up to $3000 per kg, making the
cultivation of truffles a potentially lucrative industry for rural Australia. However, one of the reasons
truffles are priced so highly is due to the difficulty involved in their production. Large gaps still remain
in our understanding of the truffle life cycle and as a result, many plantations fail to meet growers’
expectations.

The first Australian truffle was produced in Tasmania in 1999 and since then production has grown
steadily. Production is estimated to have reached an amount of 4.5 tonnes of saleable produce in 2013.
However, production at many properties has also been severely hampered by the loss of truffles to
disease, commonly referred to as ‘truffle rot’. At a national level, loss of production was estimated to
be as much as 35% of the entire harvest in 2010, but the true figure is difficult to gauge because many
growers do not harvest their rotten truffles and few growers are prepared to widely release that
information for confidentiality reasons.

This project follows on from a preliminary study also supported by RIRDC, The Wine and Truffle Co.
and the Australian Truffle Growers Association (PRJ-003686). It was found that truffle rot was
principally caused by truffles becoming exposed at the soil surface during development, where they
become susceptible to a range of stress factors such as desiccation, sunburn, insect predation and
microbial pathogens. However, trials involving covering the surface truffles with soil failed to
demonstrate a beneficial effect. Promising results were obtained through modification of the irrigation
regime. Specifically, withholding irrigation until early February resulted in a 21% reduction in the
proportion of truffles with rot.

Truffle life cycle

The truffle fungus (7. melanosporum) lives in symbiosis with the root system of a host tree. Fine roots
are colonised by the fungus forming a relationship known as a mycorrhiza (myco meaning fungus,
rhiza meaning root). These mycorrhizal roots act as an exchange structure allowing the fungus to
receive photosynthetically derived carbohydrates from the host tree for growth and reproduction
(truffle formation) in exchange for mineral nutrients and water.

The truffle life cycle begins with the germination of the fungal spore. These haploid spores have a
limited capacity to survive saprophytically. Therefore, soon after germination, the fungus must make
contact with the roots of a compatible host. Upon contact with the host, the fungus wraps itself around
the fine roots tips, forming the mycorrhizal root, from which, the fungal mycelium extends into the
surrounding soil scavenging nutrients and colonising new roots. Given the right conditions, the fungus
can survive and proliferate on the roots of the host for many years before reaching the reproductive
phase.

Our understanding of the truffle life cycle has progressed rapidly in recent years through the
application of molecular techniques including sequencing of the truffle genome (Martin et al., 2010).
Until recently it was widely believed that Tuber species were self-fertile and reproduced asexually.
This idea was first challenged by Paolocci ef al. (2006) who studied polymorphic microsatellites to
compare mature spores from within a truffle to the surrounding parental gleba. It was found that
genotypic diversity was much greater within the spores than in the parental tissue, confirming that the
spores were produced through sexual reproduction. Publication of the full genome sequence of 7.
melanosporum further confirmed this theory. Analysis of the genome identified both idiomorphs of the
MAT gene required for sexual reproduction in ascomycetes, and showed that parental tissue from the
gleba of a mature truffle contained only one version whereas spores from same truffle could contain



either MAT1-1 or MAT1-2-1 (Rubini ef al., 2011). Further work from field and nursery studies has
shown that there is a tendency for a single mating type to become dominant (Rubini et al., 2011a;
Rubini et al., 2011b). It has since been hypothesized that a lack of diversity in mating types may be a
reason why some truffle plantations fail to produce.

Once a tree starts to produce truffles, it generally continues annually. Truffle production begins in late
spring and early summer with the initiation of truffle primordia. The sexual interaction is believed to
occur at some stage before this but the details are yet to be observed. The recent discovery of
mitospore production, which appears to be widespread in the Pezizales, presents a likely candidate to
act as spermatia for the dissemination of mating genes (Urban ef al., 2004, Healy et al., 2013). During
summer, the truffle undergoes a period of rapid growth coinciding with the period of high
photosynthetic assimilation within the host tree (Bradshaw, 2005). As the host tree senesces in the
autumn and winter, the truffles begin to mature. Truffles develop the dark colour in the internal gleba
due to formation of melanin within the spores and finally develop their characteri stic aroma, which
reveals their location to harvesters with the aid of trained dogs.

Habitat

Tuber melanosporum is native to areas of Mediterranean Europe, particularly southern France and
parts of Italy and Spain, as well as some areas of Croatia, Bulgaria and Hungry. The climate ranges
from Mediterranean to oceanic, and semi-continental, which fulfills the requirement of warm summers
and cool winters although lacking in extremes of either (Delmas, 1978). Truffle producing trees are
often associated with southern facing slopes, receiving greater solar radiation and increasing the
heating effect (in the northern hemisphere). A rapid rise in soil temperature during spring and early
summer is believed to provide the stimulus which triggers truffle primordia formation, particularly
when combined with moisture. Rainfall requirement ranges between 600-900 mm a year, ideally
falling mainly in early spring and late autumn. Although infrequent, thunderstorms throughout the
summer growth period are believed to assist truffle development and productivity.

Natural truffle producing soils are typically rendzinas and brown earths, with the characteristic feature
being an abundance of CaCO; resulting in a pH between 7.5 and 8.3 (Hall ef al., 2007). Tuber
melanosporum prefers a well balanced soil texture with sand, silt and clay in roughly equal proportions
and a well developed, granular soil structure. Bulk densities are typically around one, allowing for
good soil aeration and rapid drainage of excess moisture. Ideally sub-soils are also free draining and
are often in the form of deeply fissured limestone bedrock in natural areas (Giovannetti ef al., 1994).

Truffle cultivation

Modern truffle cultivation is founded in the aseptic inoculation of host trees with a pure culture of the
desired truffle fungus. In brief, the roots of a host tree are brought into contact with a pure culture of
the fungus generally as a spore suspension, shortly after germination of the host seedling. After
inoculation, plants are then raised in a sterile potting media which is specifically formulated to provide
the correct conditions of moisture, aeration and nutrition to ensure mycorrhizal root formation.
Specific methods may vary and are often closely guarded trade secrets. While a variety of plant
species have the ability to form mycorrhiza with 7. melanosporum, cultivation is generally restricted to
a few species which give the highest consistent yield: Quercus robur, Q. ilex and Corylus avellana.

Site selection and soil modification are critical steps for successful truffle cultivation particularly in
Australia. The aim of Australian growers has been to replicate, as much as possible, the conditions of
soil and climate found in the natural truffle habitat. In the case of soil pH, naturally acidic or neutral
sites can be amended by the application of large amounts of lime (CaCOs) to bring the pH into the
desired range. Variability in rainfall can be supplemented by irrigation, which in Australia usually
takes the form of micro- sprinklers.



After planting, management techniques can vary greatly between producers as there is no definitive,
accepted method. There is generally a lack of scientific work published on the effect of post
establishment management techniques on truffle productivity (Garcia-Montero et al., 2008), possibly
because of the difficulties in designing robust field experiments due to the high level of spatial and
temporal variability in truffle production. For extensive reviews on this topic several references are
available including: Callot et al. (1999), Giovannetti et al. (1994), Hall et al. (2007), Ricard (2003),
and Renya (2012)

In Australia, growers can expect to wait 5-8 years before truffle production begins, and maximum
productivity is not expected until 10-15 years after establishment. Many plantations however, fail to
reach the productive phase. Of the 150 plantations established in Australia only about 10% are
producing at ‘commercial’ levels. A study by Linde & Selmes (2012) found that a major reason for
this was low levels of colonization of 7. melanosporum in seedlings and host trees, and in some cases
the introduction of pest truffle species which may compete with 7. melanosporum.

Irrigation

Supplemental supply of water through irrigation is essential for the quality fructification of 7.
melanosporum in areas which lack reliable summer rainfall (Le Tacon, 1978, Ricard, 2003). This
therefore includes many truffle growing regions of Australia. The influence of summer rainfall on
truffle production has long been recognized. Demas (1978) quotes Theophraste (372-287 B.C.) who
claimed that truffles were produced by rain and thunderstorms occurring during the autumn. More
recently the increasing frequency and intensity of summer droughts in traditional truffle growing
regions of Europe has been linked to the steady decline in truffle productivity during the last 40 years
(Briintgen et al., 2013).

Recommendations for the irrigation requirement of truffle plantations are largely based on the
accumulated experience of truffle growers and studies that make the correlation between regional
truffle productivity and local weather data. As such they may be of limited value under Australian
conditions. Recommendations vary, for example: Delmas (1978) suggested a rate of 50 mm per month
applied at 10 to 15 day intervals; Callot et al. (1999) recommends 30 mm every 15 to 20 days; and
Grente and Delmas (1974) recommend 35 to 40 mm applied monthly. However these
recommendations are difficult to interpret without knowledge of the soil type, tree species, planting
density, climatic conditions, etc.

Evidence from pot trials and early establishment suggests that the formation of 7. melanosporum
mycorrhizae benefit from a degree of water stress. Mamoun and Oliver (1990) found that T.
melanosporum colonisation was better under conditions of moderate water supply compared with
saturated conditions. An effect which is possibly exacerbated by antagonism of florescent
pseudomonas in the rhizosphere (Mamoun & Olivier, 1988). Similar findings were presented by Bonet
et al. (2006) and Olivera et al. (2012), after they studied the effects of irrigation on mycorrhizal
colonisation of seedlings 18 months and 4 years after out-planting, respectively. They compared the
effects of replacing 50% or 100% of the accumulated water deficit in one or two applications during
the hottest month of summer. After 18 months they found a significant decrease in the proportion of
root tips colonised by 7. melanosporum in the 100% treatment compared with the 50% treatment and
the control. After 4 years, the 100% replacement treatment was no different from the control but was
significantly lower than the 50% treatment.



Soil cultivation

Soil cultivation is routinely practiced in many truffiéres throughout Europe. The rationale given for
working the soil varies between sources. It is most regularly reported as a method of weed control, but
some sources claim that it stimulates fine root growth and improves soil aeration, which is said to be
beneficial to truffle development (Ricard, 2004). However there is a paucity of empirical evidence to
support its use. Some husbandry styles such as the ‘Tanguy method’ recommend against soil
cultivation (Sourzat, 2002) and studies have suggested that chemical weed control is more effective in
the early establishment phase (Bonet et al., 2006). In Australia the practice of soil cultivation has not
been widely adopted by growers, possibly because of the preference of chemical weed control, and a
cultural awareness of the longer term damage to soil structure caused by tillage under Australian
conditions.

Truffle rot

Truffle rot is a general term used to describe the premature loss or spoilage of truffles before reaching
maturity. This definition is clearly very broad and could refer to a number of different diseases and
disorders. The problem is characterised by a range of symptoms: softness, discolouration, or a
proliferation of fungi or bacteria on the truffle surface (Eslick, 2012). The wide variety of symptoms
possibly suggests the involvement of a number of different causal agents, or a variety of secondary
pathogens. However, the primary cause is believed to be exposure of the truffle at the soil surface due
to superficial truffle formation, which exposes the truffle to a variety of stressors, eventually leading to
rot development.

Information on the amount of rot found in natural and artificial truffiéres in Europe, or other truftle
growing regions of the world, is lacking but anecdotal evidence suggests that some degree of rot does
occur. The main cause of rot in Europe is probably freezing damage, due to heavy frosts, which can
penetrate several centimeters into the soil (Olivier et al., 2012). Hall et al. (2007) reports that rot can
also occur in response to bacterial invasion after insect damage, and due to excessively wet soil. Insect
pests such as the truffle beetle (Liodes cinnamomea) and truffle fly (Sullia spp.) can be a significant
problem, particularly in areas of intense truffle cultivation. In the Aragon region of Spain, L.
cinnamomea can damage up to 80% of all truffles harvested; yet the subsequent development of rot is
rarely reported (Pérez-Andueza et al., 2013).

In Australia, the truffle rot problem was first recognised at the Wine and Truffle Company’s property
in Manjimup, Western Australia. Substantial losses have been sustained since the early years of
production but steadily increased reaching a peak at over 50% of the truffle harvest. The problem is
known to occur on other properties across Australia and was recognised by the Australian truffle
industry as a threat to the profitability of the industry and a priority area for research in the Australian
truffle industry R&D strategic plan 2009-2011 (RIRDC, 2009).



Objectives

This project aimed to:

Confirm the effect of soil moisture on the development truffle rot.

Establish some baseline figures for the water requirement of truffles to guide growers and
researchers into the future.

Establish if symptoms of rot can be transmitted from diseased to healthy fruiting bodies, thus
confirming whether the disease has a biotic or abiotic cause.

Establish a reliable method which can be used to test the pathogenicity of microbial species on
truffles.

Identify the microbial pathogen or range of pathogens (if any) responsible for causing rot of
truftles.



Methodology

Investigating the effect of soil moisture on rot development

Preliminary research conducted in 2010 showed a potential link between irrigation applied over the
summer and the proportion of truffles developing rot at harvest. It was demonstrated that withholding
irrigation until February resulted in a large decrease in the proportion of truffles developing rot (p =
0.066). However, it was not possible to determine if the effect was due to the timing of water
application or differences in the amount of water applied. Two separate trials were conducted, the first
aimed to test the effect of altering the rate and frequency of water application, and the second tested
the effect of drought periods of different length and timing.

Experiment 1: Irrigation rate and frequency trial

This experiment was designed to test the effect of reducing the rate and frequency of water application
on the depth of truffle formation and the incidence of disease. This trial evaluated four different
application rates applied at two application intervals over six replicate blocks (Table 1). The
treatments were arranged in a randomised complete block split-plot design, with irrigation interval in
the main plot and irrigation rate randomised within sub-plots (Figure 1). Irrigation rate was calculated
as a percentage of tree water use (ETc) using the formula given below (Allen et al., 1998). The
experiment was established for the 2011 truffle season. Following the first year’s results the treatments
were modified and the experiment repeated for 2012. The treatments used are outlined in table 1.

Table 1:  Treatments used in the irrigation rate and frequency trial in 2011 and 2012.

Main plot factor (irrigation interval): 2011 2012
once per week once per week
once per month once per month

Sub-plot factor (irrigation rate):

100% of ETc' 100% of ETc
50% of ETc 50% of ETc
0% of ETc 50% of ETc
9% of ET¢? 37% of ETc

1. Water applied by micro-spriklers
2. 9% treatment supplied by drippers

Water use was calculated using the formula:
ETc=ETo x Ke- R
ETc = Crop evapotranspiration (crop water use)

ETo = reference crop evapotranspiration. Water use by a theoretical standard crop calculated
from weather data. ETo is recorded on a daily basis at the AgWest research station in
Manjimup 6 km south of the study site and can be accessed online
(http://agspsrv34.agric.wa.gov.au/climate/livedata/mawebpag.htm ).

Kc = is the crop coefficient which has been calculated for hazelnuts by a number of studies in
different environmental condition. We adapted the K¢ values given by Mingeau & Rousseau
(1994) who studied trees of approximately the same age and planting density in Spain.

R = Rainfall


http://agspsrv34.agric.wa.gov.au/climate/livedata/mawebpag.htm

100% (100%)
50% (50%)
50% (0%)
37% (9%)

Figure 1: Map of the property showing the position of the irrigation trial. Cells represent
individual trees, dark cells show productive trees in 2011. Key shows the colour
coding of the different irrigation treatments. Irrigation rate treatments are labelled
as applied in 2012 with 2011 treatments in parenthesis.

Soil moisture content

Soil gravimetric moisture content was measured on a monthly basis from December 2011 (before
irrigation started) until April 2012. Sampling was done just before the application of irrigation on the
monthly irrigation cycle to capture the soils driest point each month. A single soil hole was dug in
each plot using a soil auger down to a depth of 0.5 m. The sample was split into 0-5, 5-10, 10-20, 20-
50 cm sections and gravimetric water content was assessed by oven drying.

Data collection

A team of trained dogs was used to determine the location of mature truffles on a weekly basis during
June, July and August in 2011 and 2012. Trained truffle harvesters collected the truffles and recorded
the location of each truffle by noting the coordinates of the nearest tree, along with the truffle
condition (rotten, some rot, healthy), and depth (exposed, 0-5 cm, 5-10 cm, and below 10cm). Exposed
truffles were defined as truffles where the upper surface of the truffle was above the natural level of
the soil (erumpent).The location data was used to position each truffle within one of the experimental
plots.

It is important to note that the assessment of truffle condition was only superficial, based on visual and
tactile cues observable in the field. Therefore, many truffles in the early stages of rot or with small
isolated areas of rot may have been missed, but these were later revealed after washing and grading.
For example, the proportion of truffles assessed as rotten at harvest in 2012 was 15%, whereas the
total truffle loss calculated after grading was 32% (roughly double). We assume that the figure
collected at harvest is representative of the total truffle loss. Therefore, the magnitude of treatment
effects could be roughly double those stated in the results presented below.



Data analysis

The relationship between irrigation treatments, truffle quality, and truffle depth were analysed using
log-linear analysis in SPSS (SPSS 17.0 for Windows © SPSS Inc., 2008). Analysis was done using the
process of backwards elimination. Starting from a saturated model containing all terms, those that did
not contribute significantly (p = 0.05) to the ability of the model to predict the observed data were
removed (starting with the higher order interactions and working backwards) until the simplest model
able to predict the observed data was obtained.

At harvest each truffle was classified on four factors as described earlier. In order to fit all factors into
the analysis, several factors had to be collapsed to reduce the number of categories in some factors.
Included in the final analysis were: irrigation rate [0% ETc, 50% ETc, 100% ETc, 9% ETc; 0% and
9% were replaced by 50% and 37% ETc in 2012 respectively], irrigation interval [weekly, monthly],
truffle condition [rotten, healthy], and truffle depth [surface, below surface]. A total of 7,836 truffles in
2011 and 11,717 in 2012 were included in the analysis. Significant effects were compared post hoc by
pairwise comparison using Bonferroni correction.

Experiment 2: Drought period trial
Experimental design

In this experiment the irrigation season was divided into three, six-week blocks during which time
irrigation was withheld. Seven treatments were compared differing in the period in which irrigation
was applied during the 18 week irrigation season between December and April (Table 2).

Table 2: Treatments used in the drought period trial. Each cell represents a fortnightly
irrigation cycle. Blue cells indicate the fortnightly periods during which the trees
will be irrigated.

Treatment Month
Dec Jan Feb March April
Period 1 2 3

Onl

On2

On3

On2&3

Onl&3

Onl&2

Control

During the periods in which irrigation was supplied, the rate of irrigation was the same as that received
by the control. The control was irrigated on a fortnightly basis at a rate calculated from estimated the
crop water use (ETc) of the previous two week period.

The experiment was arranged in a completely randomized design with 6 replicates. Each experimental
unit consisted of six trees (at least four of which produced truffles the previous season). Each plot was
surrounded by a two tree buffer zone.




Figure 2: Layout of the drought period trial. Each cell in the grid represents a tree on the
property. Yellow squares represent the 6 tree experimental plots and orange
squares show the 2 tree buffer around each plot.

Data analysis

The relationship between irrigation treatment, the proportion of truffles going rotten and the depth of
truffles was assessed through hierarchical log-linear modelling using SPSS (SPSS 17.0 for Windows
© SPSS Inc., 2008). Data from different replicate plots were grouped together for the purposes of the
analysis. The four different categories of truffle depth were collapsed into either surface forming or
forming below the surface. Significant effects found by the log-linear analysis were further analysed to
compare treatments groups through pairwise Chi-squared tests. Because tests were not orthogonal, a
Bonferroni correction was employed, according to the number of comparisons made within each
effect.

Identifying the microbial pathogen responsible for causing rot in
truffles (Experiment 3)

Identifying the biological cause of truffle rot is complicated because of the wide range of bacterial and
fungal species naturally inhabiting healthy fruiting bodies (Barbieri et al., 2000, 2005, 2007, Sbrana et
al., 2002, Buzzini et al., 2005, Nazzaro et al., 2007, Pacioni et al., 2007), and the invasion of
secondary pathogens following disease development. Previous attempts to identify the cause of rot
using isolated bacterial strains, failed to result in symptom expression when the strains were inoculated
into healthy truffles in the field (Eslick, 2012).

It was decided that a back to basics approach was required to first determine if there was a biological
component to the problem, or whether it was entirely abiotic in origin. A disease transfer experiment
was designed to determine if the symptoms of rot could be transferred from affected tissue to healthy
fruiting bodies in the field, thus confirming microbial involvement. In the previous year, observation
was made of two fungal species sporulating on the peridium of exposed truffles in autumn and early
winter. These species were isolated and included in this experiment.

Isolate collection

Several fruiting bodies exhibiting symptoms of the two fruiting fungi described above were collected.
Samples were carefully brushed to remove the bulk of the soil, wrapped in paper towel, and brought
back to the laboratory. Hand sections were made of each sample and observed under the microscope
(Olympus BX51).

A spore suspension was made from each sample by scraping a small section of the fruiting structure
using a sterile needle and suspending it in 5 mL of sterile distilled water. An aliquot of 800 UL of each



suspension was placed onto a petri dish containing half strength potato dextrose agar (PDA) containing
streptomycin sulphate and spread using a sterile glass rod. Plates were allowed to dry then observed
under a microscope to assess spore density. Where spore density was too great to allow picking of
individual spores with a needle (ca. maximum of 3-4 spores per field of view), serial dilutions were
made and plated onto fresh media until the desired spore density was achieved. Individual spores of
the desired type were picked from the plate and transferred to a fresh plate using a sterile needle.

A representative culture from each type was identified by sequencing of the ITS gene region using the
ITS1 and ITS4 universal fungal primers.

Figure 3: Fungi fruiting on the surface of exposed truffles. (A) white surface (arrow) with dry
rot symptoms internally, typical of Trichothecium crotocinigenum, (B) truffle
exposed at the soil surface showing orange type fruiting (arrow) typical of Nectria
inventa.

Experimental design

The experiment consisted of five inoculation treatments (ROT: macerated tissue of rotten fruiting
bodies in sterile water; S.ROT: The same as ROT but sterilised in a pressure cooker for 20 minutes;
T.c: Spore suspension from a pure culture of Trichothecium crotocinigenum; N.i: Spore suspension
from a pure culture of Nectria inventa), and two incubation treatments (covered and uncovered)
arranged in a blocked factorial design. Each treatment was applied to 10 replicate truffles making a
total of 100 truffles used for this trial.

Surface forming truffles were identified as described elsewhere. Upon location, truffles were partially
unearthed to reveal the surface peridium. Only truffles free from damage to the upper surface of the
peridium were selected for use in the experiment. Five hundred microliters of inoculum was applied to
each truffle (Figure 4). Truffles were left uncovered, or covered with 3 litres of loamy soil according
to the incubation treatment. The experiment was establish on 25 April 2012 and incubated for 30 days
at which time truffles were harvested and brought back to the laboratory for further analysis.
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Figure 4: Artifically exposed truffle being Figure 5: Inoculated truffle showing surface
inoculated. sporulation (arrow) of T.
crotocinigenum after 30 days.

Truffle assessment

Harvested truffles were externally examined for the presence of rot (softness, wetness, discolouration).
The presence of sporulating fungi (Figure 5) was recorded and spores were isolated onto PDA medium
by direct picking using a dissecting needle under a stereomicroscope. Truffles were then washed free
of adhering soil under running water before being cut perpendicular to the point of inoculation to
reveal the extent of internal damage. The presence of internal damage was recorded and photographs
were taken. Samples of internal tissue were then taken (ca.l mm’) and plated onto PDA under sterile
conditions to isolate fungi associated with internal tissue.

Data analysis

The frequency of symptom expression and re-isolation of fungi were compared between treatments
using Pearson’s Chi-squared in SPSS (SPSS 17.0 for Windows © SPSS Inc., 2008). The effect of
covering was collapsed to meet the requirements of Zar (2010) that the average expected frequency
must be greater than 5. A further a priori hypothesis was tested comparing the ROT treatment against
the S.ROT and the water control against the N.i and T.c treatments. The latter treatments were
compared post hoc, using pairwise comparison with an adjusted p-value after Bonferroni correction.

Assessing the effect of soil cover and damage on the susceptibility
of truffles to rot

In 2010, an experiment was undertaken to test the effectiveness of covering truffles to reduce truftle
rot (Eslick, 2012). That experiment showed no significant effect of coverage on the proportion of
truffle with rot at harvest. This subsequently led to the decision to stop routine covering at the study
site. In the following seasons, the occurrence of rot declined from 52% in 2010, to 39% in 2011 and
25% in 2012. This appears to support the decision to stop covering. However, all other research
conducted over the same period has reinforced the theory that surface exposure is indeed a primary
cause of rot in truffles. As a result, it was decided to re-assess the effect of covering exposed truffles in
2012.

Two separate experiments were conducted simultaneously. The first aimed to determine the effect of
truffle exposure as well as damage to the peridium on the propensity of the truffle to rot. The second
experiment was more directly applicable to plantation management. It tested whether covering soil
eruptions with additional soil in April could decrease the incidence of truffle rot in June. The design of
these two experiments address deficiencies in the methods used in the 2010 experiment, in particular
the area used, the experimental replication and the timing of soil application.
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Experiment 4: Truffle exposure and damage trial

The effects of truffle covering (+cover or -cover) and damage to the peridium (+damage or -damage)
were compared in a blocked factorial design. The experiment was established 20 March 2012, using
35 truffles for each treatment combination arranged across seven blocks. Truffles were unearthed
revealing the upper half of the peridium, and only truffles with no existing damage or evidence of rot
were selected as experimental units. The damage treatment involved making a triangular groove in the
peridium roughly 5 mm long x 1 mm wide and 1 mm deep using a sterile scalpel (Figure 6). The
+covering treatment involved covering truffles with 3 L of loamy soil (Figure 7), -cover treatment
involved re-covering the truffle with the loamy soil until only a small area of peridium was exposed
ca. 1 cm’. Truffles were left for ca. 11 weeks before being assessed for rot development. The presence
of rot was determined by removing the surface soil, and testing the firmness of the upper surface of the
truffle with finger pressure.

Figure 6: An example of the cut made inthe Figure 7: Truffles covered with soil (+cover).

peridium used in the +damage Numbered stakes were used to
treatment in experiment 4. locate treatments in experiments 4
and 5.

Experiment 5: Eruption covering trial

Two treatments were compared (+cover and control) in a randomised complete block arrangement
across five blocks. One hundred truffles were located by the characteristic cracking in the soil (Figure
8) and assigned at random to one of the two treatments. The +cover group were covered with 1.5 L of
loamy soil and the control group were left undisturbed. Truffles were left for seven weeks and then
assessed for rot development as described above.
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Figure 8: Characteristic soil eruption used to identify the presence of a truffle when close to
the surface.

The effect of soil cultivation on truffle depth and condition

It was thought that soil tillage may be beneficial in reducing truffle rot by destroying shallow roots and
creating a soft surface layer which could protect the truffle from exposure during its development. It
was hypothesised that cultivation would increase the depth of truffle formation leading to a decrease in
the incidence of disease.

Experiment 6: Rotary hoe trial

A cultivation trial was established in December of 2009, which compared the effect of cultivation
(tractor driven rotary hoe at 8-10 cm depth) to an uncultivated control. Whole rows were used as
experimental units and adjacent uncultivated rows were used as controls using a randomised complete
block design (Figure 9).

Data collection

During 2010 and 2011, for all truffles collected, the location of the nearest tree and condition of the
truffle (healthy, partially rotten, rotten) were recorded. Rotten and partially rotten truffles were
combined for the purpose of analysis. The location data were used to position each truffle within an
experimental treatment. The proportion of rotten truffles from each treatment were compared using
repeat measures analysis of variance using Statistica (Statistica 8, Statsoft inc., Tulsa USA).

In 2011, a subsample of truffles was taken on two days during July. All mature truffles found in the
inter-row, equivalent to the area directly affected by soil cultivation, were collected. The presence of
rot was recorded along with truffle depth (exposed, 0-5 cm 5-10 cm, >10 cm) for each truffle. The
relationship between treatment, truffle depth and truffle condition was assessed using log-linear
analysis in SPSS (SPSS 17.0 for Windows © SPSS Inc., 2008).
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Figure 9: Map of the property showing the layout of the rotary hoe trial. Cultivated rows are in
orange, control rows are one row either side of each cultivated row. Each cell
represents and tree, with dark cells indicating trees which produced truffles in 2009.

Experiment 7: Cultivation method trial

A second cultivation trial was established in October 2011 with the aim of confirming the encouraging
result of the first trial and determining best method of soil tillage.

The trial consisted of 4 different cultivation treatments arranged into six replicate blocks. The four
treatments were: an uncultivated control (C); rotary hoe to a depth of 10 cm (RH); ripping to a depth
of 15 cm (R15); ripping to a depth of 25 cm (R25). Treatments were applied in early October 2011,
after soil had dried sufficiently. Cultivation was applied in the inter-row, 1.4 to 1.5 m from the tree
trunk (Figure 10). Each plot ran the length of half a row (ca. 150 m) Ripping was done in two passes,
using a tine spacing of 0.9 m. The second pass was offset by 0.45 m to give the effect of 0.45 m
spacing and an affected width of 2.25 m. Ripping at 25 cm depth required an additional pass.

14



Figure 10: A) The ‘ripper’ used to apply the ripping treatments (R15 and R25). (B) Tine and
cutting wheel.

At harvest, experimental plots were searched by trained dogs on a weekly basis following the standard
procedure used on the rest of the property. Truffles from the inter-row area were collected separately
and placed in bags according to their plot. Truffles were assessed for the presence of rot, and then the
number and total weight of rotten and healthy truffles was recorded for each plot.

Bulk density

Bulk density was assessed at two locations in each plot from the 0.5 m strip between the wheel ruts in
the centre of the row. The soil core method was followed, using a steel core 60 mm in diameter x 50
mm depth. Undisturbed cores were taken in 5 cm increments from the surface to a depth of 20 cm,
within 36 hours of irrigation (Figure 11). Soil was dried at 105°C for 48 hours before sieving to 2 mm.
Fine soil and gravel were weighed separately and the bulk density of the fine material was determined
(Dane & Topp 2002).

Figure 11: Soil pit showing the metal core used for bulk density determination.
Data analysis
The effect of treatment on the proportion of truffles developing rot was assessed using Chi-squared

analysis in SPSS. The effect of treatment on soil bulk density with depth was assessed using repeat
measures analysis of variance using Statistica (Statistica 8, Statsoft inc., Tulsa USA).
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Results

Investigating the effect of soil moisture on rot development

Experiment 1: Irrigation rate and frequency trial
Truffle quality
2011

The log-linear model which best fitted the observed data retained four significant effects (10 d.f.
¥’=8.893, p=0.541); one three-way interaction between irrigation interval, irrigation rate and truffle
condition (3 d.f. ¥’=15.978, p=0.001), and three two-way interactions. There was a significant
interaction between depth and truffle condition (1 d.f. ’=74.819, p<0.001), irrigation rate and truffle
depth (3 d.f. ’=12.687, p=0.005), and irrigation interval with truffle depth (1 d.f. ¥’=18.580, p<0.001).

The three-way interaction between irrigation interval, irrigation rate and truffle condition is shown in
figure 12. Drip irrigation (9% ETc) when applied on a weekly basis resulted in a significantly greater
proportion of truffle developing rot than when sprinkler irrigation was applied at 50 or 100% of ETc
(38% rotten compared with 24-28% in the sprinkler treatments). The no irrigation treatment (0% ETc)
also resulted in a higher level of rotten truffle (34%), but this was only significantly greater that the
weekly 50% treatment (25% rotten).

This result appears to indicate an increase in the occurrence of rot associated with the lower irrigation
treatments (0% and 9% ETc). This is opposite what we had originally hypothesised and possibly the
result of drought induced stress caused by an excessive moisture deficit in these treatments.

H Weekly
40 - C
35 ac B Monthly
30 abc
25
20

o
o un

Percentage of truffles rotten

o un

0% ETc 50% ETc 100 % ETc 9% ETc

Figure 12: The proportion of rotten truffle found in each experimental treatment. Different
letters indicate significant different differences after pairwise comparison (p-value
was adjusted for multiple comparisons using Bonferroni correction).

The highest proportion of truffles exposed at the soil surface was found in the 100% ETc treatment
(10.6%) which was significantly greater than the 50% ETc treatment (8.2%). The 0% and 9% ETc
were similar to all others (Figure 13). The proportion of truffles forming at the surface was reduced
when irrigation was applied at monthly intervals compared with weekly irrigation (7.8% compared
with 10.5%, respectively). This result is consistent with our initial hypothesis that high irrigation rate
and frequency results in a reduction in the depth of truffle formation. However, this tendency for
reduced depth of truffle formation with high irrigation frequency and rate was not reflected in an
increase in rot associated with these treatments as discussed above. In light of this result, it was
decided to continue the experiment for a second season
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Figure 13: The proportion of truffles found at the soil surface in each irrigation rate (A) and
interval (B) treatment. Different letters indicate significant differences after pairwise
comparison (p-value was adjusted for multiple comparisons using Bonferroni
correction).

2012

In the 2012 truffle season, analyses found significant interactions between: irrigation interval,
irrigation rate and truffle depth; irrigation interval, truffle depth and truffle condition; and irrigation
rate and truffle condition (9 d.f. ¥*=13.326, p=0.148).

Irrigation at 100% ETc resulted in a significant increase in the proportion of truffles going rotten (3
d.f. y’=84.426, p<0.001). In treatments receiving 100% ETc, 18.8% of truffles developed rot,

compared with 11.1%, 13.1% and 12.1% in the 50% ETc a, 50% ETc b and 37% ETc treatments,
respectively (Figure 14).
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Figure 14: The proportion of rotten truffles collected from plots receiving different rates of
irrigation. Different letters indicate significant differences after pairwise comparison
(p-value was adjusted for multiple comparisons using Bonferroni correction).

Weekly irrigation consistently resulted in greater proportions of truffles forming at the soil surface
regardless of the amount of water applied (Figure 15; 3 d.f. ’=11.687, p=0.009). However the effect
was significantly greater in the 100% ETc replacement treatment. This increase in surface formation
may explain why the 100% ETc treatment resulted in higher levels of rot as described above. This is
consistent with the original hypothesis that frequent, high levels of irrigation, promote superficial
growth of truffles leading to truffle rot.
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Figure 15: The percentage of truffles forming at the soil surface from each irrigation interval
and irrigation rate treatment combination. Different letters indicate significant
differences after pairwise comparison (p-value was adjusted for multiple
comparisons using Bonferroni correction).

The relationship between surface exposure and increased levels of truffle rot is well established.
However these results indicate that when irrigation is supplied at weekly intervals, levels of rot in
below ground truffles are similar to that in exposed truffles (Figure 16; 1 d.f. y°=5.587, p=0.018). Only
when irrigation was supplied monthly, did the hypogeous habit increase the chance of survival. This
may indicate that there is a secondary mechanism of rot formation affecting truffles below the surface
caused by high irrigation frequency (possibly related to soil hypoxia). Hall et al. (2007) reported that
truffles may rot in excessively wet soil and our own experience shows that the level of rot may
increase after periods of consistent heavy rainfall during winter.
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Figure 16: The proportion of rotten truffles collected from plots receiving irrigation at different
intervals. Data are divided into those which were found at or above the soil surface
and those found below. Different letters indicate significant differences after
pairwise comparison (p-value was adjusted for multiple comparisons using
Bonferroni correction).

Soil moisture

Patterns of soil moisture were fairly similar between the treatments receiving 37 and 50% ETc
replacement (Figure 17). When applied weekly, soil moisture content decreased from December to
January then remained fairly consistent at ca. 20% until April when it rose. Twenty per cent
gravimetric moisture content is fairly close to the permanent wilting point for these soils indicating
that seven days after irrigation, the trees had used all available soil moisture in the top 50 cm of soil
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Figure 17: Graphs of soil moisture content (g/g) in each of the irrigation treatments between
December 2011 and April 2012. Data points are the average moisture content from
six replicate plots. Samples were taken at intervals of: 0-5 cm, 5-10 cm, 10-20 cm,
and 20-50 cm, and represented by a point at the lower limit of each interval.

during January, February and March. This is not unexpected, because water was being supplied at a
rate of 50% (or less) of the estimated rate of evapotranspiration (ETc). In the 100% weekly soil
moisture levels gradually increased each month indicating that estimate of ETc may have
overestimated the actual tree water use.
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In the monthly irrigated plots, moisture levels declined from December till January and remained close
to the permanent wilt point until April. Soil moisture deficit was particularly severe in the top 5 cm of
soil, dropping to 10-15%. The rate of irrigation applied had little effect on the soil moisture content
one month after irrigation, because the tree water requirement exceeded the soil water holding
capacity.

Experiment 2: drought period trial
Truffle quality

Log-linear modelling of the interaction between irrigation treatment, truffle depth and truffle condition
produced a final model which retained all 2-way interactions (6 d.f., x*= 11.756, p=0.068). The
proportion of truffles showing symptoms of rot was higher in all experimental treatments compared
with the control (Figure 18). Pairwise comparisons showed this difference was only significantly
greater in the On2 and Onl&2 treatments, which displayed rot levels of 33% and 38%, respectively,
compared with 20% in the control.
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Figure 18: The proportion of truffles showing symptoms of rot across treatments Log-linear
modelling shows that the relationship is significant (6 d.f., X 242,292, p<0. 001).
Different letters indicate significant differences after pairwise comparison (p-value
was adjusted for multiple comparisons using Bonferroni correction).

The proportion of truffles exposed at the soil surface varied with irrigation treatments (6 d.f.,
¥*=34.904, p<0.001). The On3 and On2&3 treatments produced 13.3 and 10.9% of truffles at the soil
surface which was significantly greater than the control with 5.5% (Figure 19). The only treatment
with a lower proportion of exposed truffles was Onl1&2 at 3.0%. This was significantly less that Onl,
On2 and On2&3 but similar to the control.
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Figure 19: The proportion of truffles forming above the soil surface in each experimental
treatment Log-linear modelling shows that the relationship is significant (6 d.f.,
X*=34.904, p<0. 001). Different letters indicate significant differences after pairwise
comparlson (p-value was adjusted for multiple comparisons using Bonferroni
correction).

This result is contrary to the findings from the 2010 study (Eslick, 2012), in which drought during
December and January resulted in significantly reduced levels of rot. In the current trial the lowest
level of rot was associated with the control treatment. However in 2011 the irrigation regime received
by the control had been significantly reduced compared with the regime received by the control in
2010. The two treatments with the highest levels of rot both received the later drought period (March
onwards). These treatments were also associated with some of the lowest levels of surface-forming
truffles. Again this is inconsistent with the hypothesis that rot is caused by surface formation. However
it is possible that in this case, the increase in rot is caused by excessive moisture stress during the
truffle growth phase (Ricard, 2003).

Identifying the microbial pathogen responsible for causing rot in
truffles (Experiment 3).

Inoculating healthy truffles with disease tissue resulted in a clear increase in the proportion of truffles
going rotten above the sterile control (Table 3). Of the 20 truffles given the rotten truffle treatment, 14
showed evidence of rot after the 4 week incubation, compared with just 4 of the control treatments
(Figure 22). This result clearly demonstrates that the rot of truffles observed at Hazel Hill has a
microbiological component. Of the pure culture fungal strains tested, the T.c treatment resulted in
similar levels of disease expression as the rotten truffle treatment with 13/20 truffles developing rot.
This compared with just 2/20 for the N.i treatment and 4/20 in the water control.

When internal tissue (gleba) was tested for fungal growth, T. crotocinigenum was recovered from 45%
of the truffles which received the T.c treatment compared with just 5% of the controls. Interestingly, 7.
crotocinigenum was also isolated from 50% of truffles which received the rotten truffle treatment,
suggesting that this fungus is also involved in the decay of these truffles. Nectria inventa was
recovered internally from 2 of the 20 truffles from which it was initially inoculated despite not causing
any evidence of lesion development. Trichothecium was observed sporulating on surface lesions of
truffles from all treatment groups with the exception of the sterile truffle treatment (Figures 20 & 21).
However, it was strongly associated with the T.c and ROT treatments. There appears to be a strong
effect of covering treatment on the sporulation of 7. crotocinigenum. Sporulation was observed on 2%
of covered truffles compared with 15% of uncovered truffles (1 d.f., *=10.86, p=0.002) , which has
obvious implications for the control of disease spread.
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Table 3:  The effects of inoculation treatment truffle symptom development. Data are the
proportion of the 20 truffles receiving each treatment which are affected under each
heading. Chi-square results are from tests considering the five treatments together.
Different letters in the same column indicate significant differences (p<0.05)
between treatments after pairwise comparison, adjusting for multiple comparisons
using Bonferoni correction for the Control, N.i, and T.c treatments. ROT and S.ROT
treatment are considered separately.

Trichothecium Trichothecium Trichothecium Nectria
Internal lesion sporulating on isolated from isolated recovered
development surface surface internally internally
Control 0.2 a 0.05 a 0 a 0.05 A 0 ns.
N.i 0.1 a 0.05 a 0 a 0 A 0.1
T.c 065 b 045 b 03 b 045 B 0
S.Rotten 0.15 a 0 a 0.1 n.s. 0 A 0 ns
Rotten 07 b 03 b 0.2 05 B 0
x2 29.253 21.687 12.879 31.875 8.163
d.f. 4 4 4 4 4
p-value <0.001 <0.001 0.012 <0.001 0.086

Figure 20: Phialides of Trichothecium Figure 21: Inoculated truffle showing surface
crotocinigenum producing conidia sporulation (arrow) of T.
on the surface of a truffle. Scale bar crotocinigenum after 30 days.
is 20 um.

This experiment clearly demonstrates the ability of Trichothecium crotocinigenum to cause rot in
truffles and satisfies the requirements of Koch’s postulates. However it is unclear to what extent this
fungus is responsible for the rot problem at Hazel Hill. Previous attempts to isolate fungi from rotten
truffles have found a wide variety of fungal genera, at the same time T. crotocinigenum was recovered
from only seven of the >90 truffles which were analysed. This is in contrast to the present result, in
which T. crotocinigenum was recovered from 71% of symptomatic truffles previously inoculated with
the homogenate of rotten truffles.

Trichothecium crotocinigenum (synonym Acremonium crotocinigenum Cephalosporium
crotocinigenum), is a ubiquitous fungal species commonly found in soil, leaf litter and associated with
fungal fruiting bodies (Onions & Brady 1987). Trichothecium species have also demonstrated
pathogenicity towards several plant species. Trichothecium roseum has been known to cause rots of
Apple, Prunus spp., and melons (Hong & Michailides, 1997, Bi et al., 2006, Zabka et al., 2006), and
T. crotocinigenum has been shown to cause leaf blight of Syngonium podophyllum (Uchida & Aragaki,
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Figure 22: Longitudinal section of truffle showing internal lesion development. White triangle
shows the point of inoculation.

1978). Both T. roseum and T. crotocinigenum are occasionally found as contaminants in compost used
for the cultivation of the household mushroom (4garicus bisporus) (Van Zaayen & Gams, 1982; Zare
& Khabaz Jolfaei, 2005). However van Zaagen & Gams failed to demonstrate any pathogenic potential
of T. crotocinigenum against A. bisporus. Trichothecium crotocinigenum is believed to be parasitic
against a range of polypore or conk fungi (e.g. Trametes versicolour, Phellinus gilvus, Earliella
scabrosa) and is often found in association with their fruiting bodies. In truffles, Trichlothecium
roseum has been isolated from diseased ascocarps of Tuber indicum in China (Ming-qin et al., 2001)
as well as from desert truffles Terfezia pinoya and T. claveryi after storage (Al-Delaimy & Ali, 1970)
and Acremonium strictum has been isolated from within healthy ascocarps of Terfezia pinoya in Saudi
Arabia (Bokhary et al., 1990). Related species (Acremonium breve, A. persicinum, A. potronii, A.
psammosporu, A. pteridii, A. roseo-griseum) have been found in truffle plantation soils, including
within the brulé of 7. melanosporum (Luppi-Mosca, 1972; Luppi-Mosca & Fontana, 1977).
Trichothecium crotocinigenum has previously been isolated from ascoparps of Tuber maculatum in the
Netherlands (CBS 566.84, 1984). However, this is the first report of 7. crotocinigenum causing disease
in the truffles themselves and the first isolation from 7. melanosporum.

Casual observation suggests that Trichothecium crotocinigenum is most abundant earlier in the year,
during April and May, with its occurrence declining as the weather cools and truffles begin to mature.
The majority of rot is recorded in late May and June but only after routine searching of the property
with dogs. It is believed that much of the rot actually forms some time earlier, coinciding with the
active period of T. crotocinigenum. It is possible that the diversity of rot symptoms observed from
May to July are the result of secondary pathogens which take over once environmental conditions
change and only after 7. crotocinigenum has started the decay process. Although, as the disease is
primarily the result of abiotic stress due to truffle exposure, it is likely that a number of primary
pathogens could be involved, which take advantage of the stressed truffle. However, given the
abundance of 7. crotocinigenum recovered in the current trial and the believed synchronicity between
the disease development with the period of greatest activity of 7. crotocinigenum, it is possible that T.
crotocinigenum plays a substantial role in the rot of truffles at Hazel Hill. Initial investigations have
identified T. crotocinigenum from several plantations in Western Australia and one in Tasmania,
supporting the view that 7. crotocinigenum is a pathogen of importance to the industry at a national
level.
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Assessing the effect of soil cover and damage on the susceptibility
of truffles to rot

Experiment 4: Truffle exposure and damage trial

The three way log-linear analysis showed that there was a significant association between truffle
exposure and the incidence of rot which was conditionally independent of damage (Figure 23; 1 d.f.,
¥’=29.48, p<0.001). Truffle exposure, resulted in an increase in the proportion of truffles developing
rot, 76% of exposure truffles developed rot compared with 29% of covered truffles. However, damage
to the peridium did not increase the likelihood of truffles developing rot.
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Figure 23: The effect of truffle exposure and truffle damage on the proportion of truffles
developing rot. Different letters indicate significant differences between groups
according to log-linear analysis.

Experiment 5: Eruption covering trial

Placing soil on top of eruptions without prior removal of the existing soil cover also resulted in a
significant decrease in the proportion of truffle developing rot (Figure 24; y*=4.947, 1 d.f., p=0.026).
Of the truffles visible from the surface on 20™ March, 35% were rotten by the end of May when left to
develop naturally. If these truffles were covered with extra soil in March, the level of rot was reduced
to 17%.
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Figure 24:The effect of soil covering on rot development.

These results clearly demonstrate that covering truffles with soil greatly improves their chances of
survival. These experiments involved only one soil application in late March, and it is expected that
the effect could be even greater if covering began earlier and was repeated throughout the
development period (January-June).

The lack of response to truffle damage as demonstrated in experiment 4 is somewhat surprising as
insect damage and cracking of the peridium are often associated with rotten truffles. This result
indicates that damage to the peridium itself is not a major factor leading to the development of rot.
Insects however, may still be important because of their ability to transmit microbial disease. The
association of rot with cracking may be purely coincidental, as cracking is also more prevalent in
surface-exposed truffles.

Considering the strong effect of the covering treatment observed in these results, it begs the question
as to why this was not observed in the original experiment in 2010. In addition to the points made
earlier, it is possible that in 2010 there existed an additional distinct rot-causing factor which was
independent of truffle exposure and could have masked the benefit provided by covering. Evidence for
this theory is given in the irrigation trial this year. Figure 16 shows that when irrigation was supplied
weekly, the proportion of truffles going rotten was roughly the same in hypogeous truffles as in those
exposed at the soil surface. This indicates that the higher frequency of irrigation may be responsible
for a different type of rot affecting deeper truffles, which would not be responsive to truffle covering.
Furthermore, the irrigation regime applied to the covering trial in 2010 used a higher rate and
frequency (weekly) of application than was used in these current trials.

The effect of soil cultivation on truffle depth and condition

Experiment 6: Rotary hoe trial

During the 2010 season, the proportion of truffles going rotten in the cultivated rows was no different
to that in the controls. However in 2011, 18 months after the application of the treatment, cultivated
rows showed a significant decrease relative to the control (1 d.f., F=11.87, p=0.007). The proportion of
rotten truffles in cultivated rows was just 16% rot compared with 36% in the control, a decrease of
more than 50% (Figure 25).
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Truffle depth analysis

Log-linear modelling of treatment, truffle condition and truffle depth found significant interaction of
all 3, 2-way associations (1 d.f., ¥’=0.382, p=0.536). Figure 26 clearly shows that cultivation markedly
decreased the proportion of truffle going rotten in the inter-row, similar to the findings presented
above. The relationship between treatment and depth presented in figure 27 shows that cultivation also
decreased the proportion of exposed truffles. This suggests that increasing the depth of truffles is the
mechanism by which cultivation protects truffles from rot.
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Figure 25: The effect of cultivation on the percentage of truffle going rotten one and two years
after treatment application. Different letters indicate significant differences
between groups according to Fischer’s LSD test (p<0.05).
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Experiment 7: Cultivation method trial
Truffle condition

All cultivation treatments showed greatly reduced levels of rot (Figure 28), from 25% rotten in the
control down to 5%, 8%, and 0% for the RH, R15, and R25 treatments, respectively. Unfortunately,
truffle production from this trial was quite low. Four of the 24 plots produced no truffles and a further
6 plots produced less than 5. This made it difficult to assess differences between the different
cultivation techniques and the relationship to truffle depth.
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Figure 28: The relationship between cultivation treatment and truffle rot. Data are the
percentage of truffles developing rot, summed between blocks. Fisher’s exact test
shows treatments are statistically different (p<0.001).

Bulk density

Bulk density in the control treatment ranged from 1 at the surface to 1.1 g/cm’ from 5 cm down to 20
cm depth (Figure 29, 6.64 d.f,(Greenhouse-Geisser comected) p— 11 75 15,<0.001). At the study site the majority of
truffles were found within the top 5 cm which corresponds with the advice of Giovannetti ef al. (1994)
who suggested a bulk density of ca. 1 g/cm’ was ideal for truffle cultivation. These results potentially
indicate that a bulk density of 1 is also close to the upper limit of truffle tolerance as truftles were
rarely found below 5 cm where bulk density is only marginally higher (1.1 g/cm?). All cultivation
treatments dramatically reduced soil density in the top 5 cm down to ca. 0.7-0.8 g/cm’. At 5-10 cm,
cultivation treatments remained less than the control, but the range increased from 0.7 in the rotary hoe
treatment up to almost 1 g/cm’in the R15 treatment. However, due to the poor performance of the trial
area it is not possible to compare soil density at depth with the depth of truffles.
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Figure 29: The effect of cultivation treatment on bulk density of the surface 20 cm of soil. Data
are means with standard error bars. Different letters indicate differences between
groups according to Fisher’s LSD test (p<0.05).

The mechanism behind the ability of cultivation to increase the depth of truffles is difficult to
establish. Our initial hypothesis was that the destruction of surface roots would prevent superficial
truffle formation. Results from the irrigation trial indicating soil moisture as a factor influencing the
depth of truffles, may be related to soil cultivation through the relationship between soil density,
moisture content and air-filled porosity. Cultivation has a similar effect as reducing soil moisture,
which is to increase air-filled porosity. This increased aeration may allow truffle primordia to initiate
and develop at greater depth. In addition, results from the irrigation trial also suggest that air-filled
porosity is implicated as a direct cause of rot affecting truffles deeper in the soil profile through
hypoxia. In this case, soil cultivation may provide additional benefit by alleviating hypoxia caused by
high irrigation rates or heavy rainfall, although this is not supported by the observed data.

Personal observation suggests the physical strength of compacted soil may also force the truffle to
grow upwards, following the path of least resistance. This can result in the formation of elongated
truffles, which grow vertically upwards forming a stalk until they reach a patch of less dense soil
where growth can proceed in all directions, resulting in resumption of the typical globose shape
(Figure 30).

Figure 30: An elongated truffle found growing in compact soil.
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Implications

Results from this study provide significant insight into the causes of rot in Australian grown truffles
and offers growers a range of effective management strategies. By reducing the proportion of truffles
lost to rot, adoption of these findings will result in a significant increase in the quantity and quality of
the national truffle harvest, increasing the profitability for growers. Additionally, increasing the
volume of truffle will allow the exploitation of new international markets which are currently limited
by a lack of supply.

The use of soil cultivation dramatically reduced the incidence of truffle rot. The mechanism is
primarily through reducing the depth of truffles, but the effect of increased soil aeration may also
provided some benefit by reducing the chance of soil hypoxia after heavy rains or excess irrigation.
The use of soil cultivation as a routine weed management strategy in Europe is probably the primary
reason why similar problems are rarely reported.

Preliminary work implicating irrigation management in rot formation was confirmed. High rates and
frequency of irrigation resulted in an increased proportion of truffles exposed at the soil surface
leading to an increase in rot. The benefit obtained by halving the rate of applied water was only
marginal (4% reduction) but the longer term benefit is not known. The results also show that heavy
drought stress can increase the incidence of rot, highlighting the need for careful water management.

Field trials re-examining the role of covering exposed truffles with soil contradicted previous findings,
demonstrating a highly positive effect. The identification of multiple independent causes of rot is
suggested as a possible reason for the previous result. Irrigation work indicated that high levels of
moisture were associated with an increase in rot in hypogeous truffles and therefore independent of
soil cover.

Tichothecieum crotocinigenum was identified as a novel pathogen of Tuber melanosporum. T.
crotocinigenum is a ubiquitous fungal species commonly present in soil and leaf litter and is probably
pathogenic to a range of longer lived fungal fruiting bodies. It is unknown to what extent it is solely
responsible to the observed rot problem as a range of fungal species are often observed. Exposed
truffles are thought to be more susceptible, and covering truffles with soil was demonstrated to inhibit
the sporulation of T. crotocinigenum suggesting it may be an effective control measure. We anticipate
the cultural practices outlined above aimed at increasing the depth of truffles will also lead to a
reduction in the threat posed by this species.
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Recommendations

These results indicate that high levels of irrigation should be avoided due to their tendency to reduce
the depth of truffles and increase losses to truffle rot. Results show that a 28 day irrigation cycle is
better than a 7 day cycle, but it is likely that the ideal figure lies somewhere in between. Similarly,
replacing 50% of water use is better than 100% replacement in terms of rot development, but the ideal
figure is unknown. In addition, the effects of irrigation are likely to vary between plantations due to
differences in soil depth and moisture holding capacity as well as the age and species of the host tree.
Detailed work is required to fully understand the complex relationship between the soil, the tree, and
the truffle, particularly how water moves between them and how to balance the competing requirement
of the tree and the truffle.

Further work is required to understand the significance of Trichothecium crotocinigenum in the rot of
truffles at a national level and its abundance in the truffle plantation environment. A better
understanding of its life cycle will lead to the development of additional management tools. The role
insects play in the spread of T. crotocinigenum and other pathogens should also be considered further.
Invertebrates on their own can cause significant losses in truffle plantations and may contribute to rot
development through the transmission of disease. The truffle industry urgently requires the
identification of safe and effective pesticides for registration with the national regulator to allow their
use by growers.

The use of soil cultivation is a highly effective tool for the management of truffle rot. However the
effects may vary on different soil types. Growers may wish to seek local advice on the use of
cultivation from other agricultural industries in their local area. The longer term impacts of soil
cultivation in the truffle plantation setting are unknown. Further work should look at the effects of
repeated soil cultivation on root growth and mycorrhizal colonisation by the truffle and competing
fungi. Furthermore, the effects of cultivation on soil structure in the long term requires further
assessment. Work in other crops has shown that the long term effects of soil cultivation may be
counterproductive, leading to soil structural decline.

Covering exposed truffle with soil during development is beneficial in reducing the incidence of rot
contrary to previous findings. The best approach is to cover soil eruptions before the truffle becomes
exposed. The cost effectiveness of covering truffles will vary between plantations depending largely
on the extent of the rot problem as a result of surface exposure and the density of truffle production.
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Glossary

Ascocarp

Ascomycete

Ectomycorrhiza

Erumpent

Eruption

Evapotranspiration

Gleba
Globose

Hypogeous

Microsatellite

Mycelium

Mycorrhiza

Peridium

Pezizales

Primordia

Saprophytic

Sporulation

The fruiting body of a fungal species within the genus Ascomycota.

A fungal species belonging to the phylum Ascomycota. Produces spores within
a sac-like structure known as an ascus.

A type of mycorrhizal partnership in which plant roots are enveloped in fungal
mycelium which often penetrates between roots cells, but not crossing the cell
membrane.

Describes a fruiting body which breaks through the soil surface . Erumpent or
exposed truffles are defined specifically for this report as truffles where the
upper surface is above the natural level of the soil.

Used to describe the conspicuous cracking and mounding of soil caused by
growth a truffle when close to the soil surface.

A term used to describe the total water loss from soil to the atmosphere,
combining surface evaporation and transpiration from vegetation.

The fertile spore bearing tissue within the truffle.
Spherical or approximately spherical.

Describing fungal fruiting bodies which remain underground throughout their
development.

A genetic marker commonly used for population studies.

The body of a fungus. Composed of fine threads of hyphae which penetrate the
growing medium to extract nutrients.

A symbiotic partnership between fungi and plant roots whereby a compound
structure is formed allowing the exchange of carbohydrates and nutrients
between the partners.

The protective outer layer of the truffle.
An order within the phylum Ascomycota
An early undifferentiated developmental stage of the truffle.

The ability of an organism (a saprobe) to obtain energy from dead organic
material.

To produce or release spores.
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