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Preface

Pine wilt disease (PWD) is unquestionably a major threat to forest ecosystems
worldwide. After seriously affecting Eastern Asian countries, the challenge is now
in Europe, following its detection in Portugal in 1999 and its subsequent spread.

For foresters, these were really very bad news and, in order for adequate action
to be taken, scientists had to teach politicians about the seriousness of the problem.
That is never an easy task, but it was successfully done at that time, mainly by the
continued effort of Professor Manuel Mota.

The challenge of having political decisions based on good science is fundamental
for the success of any program, but especially in difficult situations such as those
arising by the introduction of harmful organisms in new ecosystems. The success
of the dialogue between science and policy requires intelligent partners from each
side, which is not always necessarily the case. . .

Examples of lack of recognition of problems raised by science are unfortunately
abundant throughout the history of science. The recent recognition of the efforts of
the Intergovernmental Panel on Climate Change (IPCC) and Al Gore with the No-
bel Prize, and the continued failure in taking appropriate actions by major political
players is a dramatic modern example of the difficulty of this dialogue. . .

These are some of the reasons why I think that this book plays a fundamental
role in the issue of pine wilt disease: Firstly, the book addresses a very important
problem that threatens the ecological and economical balance of many forested areas
worldwide. Secondly, it assembles contributions of the best specialists worldwide in
the various facets of the problem. Thirdly, it summarises knowledge in an attempt
to make it useful for adequate action. Finally, it provides insights for future devel-
opments in scientific research.

I had already the privilege of addressing some words of recognition to the par-
ticipants of the PWD Conference at the Gulbenkian Foundation in Lisbon in July
2006 where I was very much impressed with the importance and the quality of the
contributions. As Director of the Portuguese Forest Services (DGRF) at that time
and until November 2007, I must stress that this Conference was very instrumental
in setting the stage for discussions and for the planning of new strategies in dealing
with the issue of the presence of the pinewood nematode in Portugal.

For these new strategies important scientific contributions were given by
Edmundo Sousa (another relevant participant to the Conference) in addressing the
issues related to the spread of the insect vector.



vi Preface

I would like to take this opportunity to stress my recognition for the tremen-
dous and unique work done by the team of the Forest Services, coordinated by José
Manuel Rodrigues (a contributor to this book) that resulted in the establishment in
early 2007 of a clearcut belt 430 km long and 3 km wide around the affected zone.
This strategy was adopted and financially supported by the European Commission,
which sent several missions to Portugal. The mission leaders, in November 2007,
expressed satisfaction with the success of this extremely difficult operation.

‘We do not know, at this moment, what will be the final effectiveness of this new
strategy. We do know, however, that without this major effort the hope of success for
the eradication program would be minimal. I am sure that, until November 2007, the
Forest Services did everything it was possible, by dedicating human and financial
resources, by taking the necessary risks and facing lack of understanding, to ensure
that appropriate action was taken, making use of the best science available. And I
hope that this effort will be continued with the same strength in the future. . .

I am certain that this book, absolutely necessary for those who want to act in
a responsible manner in the very difficult combat against the spread of pine wilt
disease, constitutes also a fundamental contribution for the advancement of science
and for the stimulus of future research in this field.

For the courageous editors and for the excellent contributors to the conference
and the book, I would like to reiterate my sincere recognition and gratitude, that I
am sure will be shared by all of those who care for forests around the world.

Thank you!

Lisbon Francisco Castro Rego
February 2008
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Part I
Pine Wilt Disease: Global Issues, Trade
and Economic Impact

John Webster and Manuel Mota

Summary

Pine wilt disease (PWD) is perhaps the most serious threat to pine forests world-
wide. Since it’s discovery in the early XXth century by Japanese forest researchers,
and the relationship with its causative agent, the pinewood nematode (PWN)
Bursaphelenchus xylophilus, in the 1970s, PWD has wreaked havoc wherever it
appears. Firstly, in the Far East (Japan, China and Korea) and now, more recently in
1999, in the EU (Portugal).

The forest sector in Portugal plays a major role in the Portuguese economy with
a 12% contribution to the industrial gross domestic product, 3.2% of the gross do-
mestic product, 10% of foreign trade and 5% of national employment. Maritime
pine (Pinus pinaster) is one of the most important pine productions, and industrial
activity, such as the production of wood and resin, as well as coastal protection
associated with sand dunes. Also, stone pine (Pinus pinea) plays an important role
in the economy with a share derived from the exports of high-quality pineon seed.
Thus, the tremendous economical and ecological impact of the introduction of a
pest and pathogen such as the PWN, although as far as is known, the only species
susceptible to the nematode is maritime pine.

Immediately following detection, the research team involved (Univ. Evora,
INIAP) informed the national plant quarantine and forest authorities, which re-
layed the information to Brussels and the appropriate EU authorities. A task force
(GANP), followed by a national program (PROLUNP) was established. Since then,
national surveys have been taking place, involving MADRP (Ministry of Agricul-
ture), the University of Evora and several private corporations (e.g. UNAC). Forest
growers in the area are particularly interested and involved since the area owned
by the growers organizations totals 700 000 ha, and is largely affected by PWD.
Detection of the disease has led to serious consequences and restrictions regarding
exploration and commercialization of wood. A precautionary phytosanitary strip,
3 km wide, has been recently (2007) established surrounding the affected area. The
Portuguese government, through its national program PROLUNP, has been deeply
involved since 1999, and in conjunction with the EU (Permanent Phytosanitary
Committee, and FVAO) and committed to controlling this nematode and the po-
tential spread to the rest of the country and to the rest of the EU.



2 J. Webster, M. Mota

The global impact of the presence of Bursaphelenchus xylophilus or the threat
of its introduction and the resulting pine wilt disease in forested areas in different
parts of the world is of increasing concern economically. The concern is exacerbated
by the prevailing debate on climate change and the putative impact this could have
on the vulnerability of the world’s pine forests to this disease. The scientific and
regulatory approach taken in different jurisdictions to the threat of pine wilt disease
varies from country to country depending on the perceived vulnerability of their
pine forests to the disease and/or to the economic cost due to lost trade in wood
products.

Much of the research surrounding pine wilt disease has been located in the north-
ern hemisphere, especially in southern Europe and in the warmer, coastal, Asian
countries. However, there is an increased focus on this problem also in those coun-
tries in the southern hemisphere where plantations of susceptible pine have been
established over the years. The forestry sector in Australia and New Zealand are
on “high alert” for this disease and are practicing strict quarantine procedures at
all ports of entry for wood products. As well, there is heightened awareness, as
there is worldwide, for the need to monitor wood packaging materials for all im-
ported goods.

In carrying out the necessary monitoring and assessment of products for B. xy-
lophilus and its vectors substantial costs are incurred especially when decisions have
to be made rapidly and regardless of whether the outcome is positive or negative.
Australia’s response recently to the appearance of some dying pines in a plantation
illustrated the high sensitivity of some countries to this disease. Some $200 000 was
spent on the assessment in order to save a potential loss of millions of dollars to
the disease. This rapid, co-ordinated response to the report was for naught, because
once identified it was found not to be B. xylophilus. This illustrates the particular
importance of taking the responsibility at all levels of management to secure the site
and the need of a rapid, reliable diagnostic method for small nematode samples for
use in the field.

Australia is particularly concerned about the vulnerability of its 1million hectares
of planted forests, 80% of which are Pinus species, to attack from incursions of one
or more species of the insect vector. Monochamus alternatus incursions in wood
pallets have been reported from Brisbane, Queensland. The climate of this part of
Australia is such that the Pinus plantations are particularly vulnerable to the po-
tential outcome of such incursions, and the state of Queensland is developing a
risk management strategy and a proactive breeding programme in response to this
putative threat.

New Zealand has 1.6 million hectares of planted forests, and 89% of the com-
mercial forest is Pinus radiata. Although the climate where these forests are located
tends to be somewhat cooler than that in Australia the potential for establishment
and development of the disease in that country is believed to be high. The pas-
sage alone of 200 000 m?/year of wood packaging through New Zealand ports is
itself sufficient to require response. The potential incursion of insect vectors of
pinewood nematode through the port system is regarded as high and is monitored
carefully.
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The enormous expansion of global trade and the continued use of unprocessed/
inadequately-processed wood for packaging purposes is a challenge for all trading
nations as such wood packaging material often harbours disease or pest species. The
extent of this problem is readily illustrated by the expanding economies and exports
of countries in south-east Asia, China, Japan and Korea have significant areas of
forestland infested with B. xylophilus. These countries too are among the largest
exporting countries of manufactured goods. Despite the attempts of authorities to
ensure that only properly treated wood is used in the crating and packaging of goods
B. xylophilus and/or its insect vector infested materials is being recorded at ports
worldwide. This reminds us, therefore, of the ease with which this nematode pest
can gain access to forest lands in new geographic locations through inappropriate
use, treatment or monitoring of wood products. It especially highlights the necessity
to find an alternative to using low-grade lumber for packaging purposes.

Lest we should believe that all wood products are always carriers of B. xylophilus
and its vectors, it should be remembered that international trade of all kinds has
occurred for thousands of years and that lumber-born pests and diseases do not have
worldwide distribution. Other physico-biological factors have a significant role in
the occurrence, establishment and sustainability of a disease. The question is often
raised as to why the whole of southern Europe doesn’t already have B. xylophilus
and pine wilt disease. European countries have traded with countries that are in-
fested with B. xylophilus for hundreds of years. Turkey is an example of a country
that appears to be highly vulnerable to pine wilt disease due to its extensive forests in
the warm, southern region where the vector, Monochamus galloprovincialis, occurs.
However, there is no record of the presence of B. xylophilus occurring there despite
the importation of substantial quantities of wood from several countries

In many respects, Portugal illustrates both the challenge and the dilemma. In
recent times B. xylophilus was discovered there in the warm coastal region. The
research, administrative and quarantine authorities responded rapidly and B. xy-
lophilus appears to have been confined to the region in which it was found. The
rapid response would seem to have “saved the day” for Portugal. Nevertheless,
it raises again the long-standing questions, how long had B. xylophilus been in
Portugal before it was found? If Lisbon was the port of entry, which seems very
likely, why had B. xylophilus not entered Lisbon many years earlier and established
populations and the pine wilt disease? Will the infestation in Portugal be sustainable
and will it spread or will it die out within a few years? We still do not have sufficient
understanding of the biology of this pest to know the answers to these questions.



National Eradication Programme
for the Pinewood Nematode

José M. Rodrigues

Introduction

The pinewood nematode (PWN),' Bursaphelenchus xylophilus, is listed as a harmful
organism to plants or plant products by the European Union (EU) (Annex II, Council
Directive 2000/29/EC of 8 May 2000). Its introduction into and spread within all
Member States must be banned. This organism, the causal agent of pine wilt disease
(PWD), is a serious pest and pathogen of forest tree species, in particular among
the genus Pinus; its presence in the territory of a member state obliges the country
to notify the partners and to adopt immediate safeguard measures. The subjects of
contamination are plants of the genus Abies, Cedrus, Larix, Picea, Pinus, Pseudot-
suga, and Tsuga, with the exception of their fruits and seeds, and wood of conifers
(Coniferales), originating from non-European countries.

In May 1999, the PWN was detected in Portugal, in dead maritime pine stands
located in the Setibal Peninsula. Following Council Directive 2000/29/EC, the
Portuguese authorities informed the European Community and implemented a
phytosanitary strategy with the purpose of controlling and eradicating the pest,
a programme known as the National Eradication Programme for the Pinewood
Nematode (PROLUNP). At the EU level, the situation has been discussed at the
Permanent Phytosanitary Committee. Since the pest was recorded in Portugal, sev-
eral inspection missions have been carried out by the Food and Veterinary Of-
fice (DG SANCO). The legal basis for the implementation of this Program is the
Executive-Law n.° 154/2005 (Sept. 6th), which establishes the general phytosanitary

J.M. Rodrigues

Direc¢ao-Geral dos Recursos Florestais, Direccao de Servicos de Desenvolvimento Florestal,
Divisdo de Protec¢do e Conservagao Florestal, 1069-040 Lisboa, Portugal

e-mail: prolunp @dgrf.min-agricultura.pt

! The PWN has had devastating effects on pines forests in East Asian countries, as in Japan, for
instance. The nematode is transported as fourth-stage dispersal juveniles by cerambycid beetles
of the genus Monochamus; in Portugal the PWN was found associated with the species M. gal-
loprovincialis, which can attack and infect healthy trees and colonise weakened trees with its
offspring.
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rules for Portugal, and Regulation n.° 103/2006 (Feb. 6th) as amended by Regulation
n.° 815/2006 (Aug. 16th) and Regulation n.° 321/2007 (March 23rd).

Phytosanitary Strategy

In general, the pursued phytosanitary strategy, delineated to avoid the dispersion
of the disease, has been the elimination of decline symptomatic trees,? identified
through the execution of surveys (during the autumn-winter period), complemented
with the control of the insect vector population (during the spring-summer period)
and the control of coniferous wood flows (during all year).

Even though PROLUNP covers all mainland Portugal, the fact that the PWN
is confined to a certain region, led to the definition of a Demarcated Area (DA),
subdivided into an Affected Zone (AZ),? a Buffer Zone (BZ)* and the remainder of
the territory, the Free Zone (FZ)’ in which risk areas can be found, i.e. places where
conifer wood (raw and processed) is stored, and subject of periodic monitorization
(Fig. 1). Two critical locations (CL), i.e. clearly delimited areas in which there is a

Affected
Zone
_ Buffer
Zone

‘Herdade da
Apostica’

‘Herdade da

Comporta’ - Clear Cut Belt

Fig. 1 PROLUNP territorial coverage. The Demarcated Area (Affected Zone and Buffer Zone),
Clear Cut Belt and Critical Locations are depicted

2 Decline symptomatic trees — trees found to be infested by the PWN, showing symptoms of poor
health, or located in salvage areas (cf. Annex to Commission Decision 2006/133/EC).

3 Affected Zone — area in which the pine wood nematode is known to occur.

4 Buffer Zone — area surrounding the Affected Zone, of no less than 20 km width, where the pine
wood nematode is not known to occur.

5 Free Zone — Area of the territory in which the PWN does not occur.
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higher incidence of decline symptomatic trees, are located within the Affected Zone,
namely Herdade da Comporta and Herdade da Apostica.

The Affected Zone covers, currently, 510.000 ha and is surrounded by a Buffer
Zone (BZ) of approximately 500.000 ha. The sum of both (1.010.000 ha) constitutes
the Demarcated Area (DA), which is subjected to periodic survey, eradication and
insect vector control actions and where all forestry activities relating to conifers are
subjected to intensive control. The Demarcated Area has changed over the years as
result of the evolution of the disease (Fig. 2).

The results of the 2005/2006 surveying and eradication campaign indicated a
considerable increase of symptomatic trees throughout the Demarcated Area. This
increase was even more evident in the Affected Zone. Several samples collected
from the Buffer Zone tested positive for PWN and therefore the Affected Zone and
the Demarcated Area limits were redefined. Furthermore, it was decided to cre-
ate a corridor free from the PWN and its vector host trees, Picea orientalis, Pinus
halepensis, P. nigra, P. nigra laricio, P. pinaster, P. radiata and P. sylvestris, in the
periphery of the Demarcated Area, the Clear Cut Belt (CCB), with the purpose of
minimizing the possibilities of disease dispersion, as proposed in the 2006 Action

Fa
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[] - Affected zone (309 000 ha) [] - Affected zone (234 000 ha) [] - Affected zone (258 000 ha)
[C] - Demarcated area (564 000 ha) [] - Demarcated area (617 000 ha)

/ &
1/ {; ,fj\vxij \‘f?
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==
[0 - Affected zone (285 000 ha) [] - Affected zone (510 000 ha)
[] - Demarcated area (641 000 ha) [] - Demarcated area (1 010 000 ha)

O] - Clear cut belt (130 000 ha)

Fig. 2 Evolution of the Demarcated Area and Affected Zone
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Plan, presented to the Standing Committee on Plant Health and in accordance with
Article 2 of the Commission Decision 2006/133/EC (revised July 2006).

Survey in the Free Zone

The survey carried out in this area aims to monitor conifer forests, focusing in par-
ticular on surrounding areas where there is a lot of wood risk materials, whether
wood in its natural state or processed wood (risk areas). It also aims to inspect and
assess conifers located in permanent plots in each risk area, test all the collected
material for PWN in duly accredited laboratories for this purpose and ensure that
the methods and procedures provided for in the EU monitoring protocol for PWN
are applied correctly.

The survey activities in the Free Zone will also include areas which may be
highly attractive for breeding of Monochamus galloprovincialis, especially those
surrounding the demarcated area, where the survey of coniferied stands was inten-
sify by establishing 200 extra plots. In these plots, samples are taken also from non-
symptomatic trees at different heights, including canopy level, and are incubated in
order to screen for the presence of PWN.

Survey and Eradication in the Demarcated Area

The aim of the monitoring and the eradication actions within the Demarcated Area
is to detect and eliminate all the trees showing symptoms of decline. This area is
divided for survey purposes into 136 units of approximately 7 500 ha each. The
symptomatic trees are registered within a specific and appropriate geo-referenced
matrix, using specific 150 ha maps (Fig. 3) and screening analysis for the PWN
presence carried out, in all the identified trees, for the ones located in the Buffer
Zone, and in a sample of randomly chosen trees, for the ones located in the Affected
Zone. Surveying has been conducted mainly by Forest Owners’ Associations, as
their knowledge regarding the local sensibilities is valuable. Samples were collected
from symptomatic and non-symptomatic trees, taken at different heights, including
canopy level, in order to screen for the presence of PWN; some of those samples
were incubated (see Chapter 4. for details). Monitoring work is usually expected to
start around November and to be concluded in the beginning of February, starting
from the periphery to the interior of the Demarcated Area.

The eradication activity consists in the elimination of all the conifers identified by
the surveying action guaranteeing the destruction/processing of all the felled trees,
according to the Law (Regulation of the Ministry of Agriculture, Rural Development
and Fisheries n. © 103/2006, Feb. 6th, as amended by Regulation n. ° 815/2006,
Aug. 16th, and Regulation n. ® 321/2007, March 23rd). The forest owners, farmers
or usufructuaries are accountable for the eradication and are informed about the
basic lines of action via public notices sent to the local administration, published
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Fig. 3 Example of a surveying 150 ha map

in newspapers and available online; when the owners do not perform the actions
themselves, the government must replace them. To do so, it is necessary to sub-
contract the eradication services from private companies.

The eradication procedure is expected to guarantee the felling and elimination
of all trees identified with decline symptoms, during the period of December 1st to
April 1st, the non-flying period of the insect vector’s life cycle.

Implementation of a Barrier Free from PWN Vector
Hosts (Clear Cut Belt)

The establishment of a Clear Cut Belt intended to set up a corridor (3 km wide) free
from PWN vector hosts, roughly following the limits of the most recently defined
Demarcated Area, mostly in the Buffer Zone. In this corridor, with an area of about
130 000 ha, all conifers regarded as hosts of M. galloprovincialis must be detected,
located and eliminated, both declining and healthy ones. To do so, it was necessary
to sub-contract the eradication services from private companies.

The Commission Decision 923/2006/CE (Dec. 13th), created a financial contri-
bution for 2006 and 2007 to cover expenditure incurred by Portugal for the purpose
of controlling the PWN, considered compensation payment of a compensation for
the value of the wood to tree owners or beneficial owners.
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Fig. 4 Wood flow control system

Insect Vector Control

Besides de identification and elimination of decline symptomatic trees, the control
of the insect vector populations can be used as an additional strategy to control PWN
dispersion. This has been done through the use of a network of traps set along the
outer limit of the Affected Zone, which capture the insect during its flight period
(spring and summer). Research is in progress regarding the development of a more
appropriate and more effective trap.

Inspection and Control of Coniferous Wood

PROLUNP set up a wood trace back system, which compels owners to apply for a
conifers’ felling and transport permit in the Demarcated Area. After inspection, the
phytosanitary inspectors authorize the cuts (permit emission) and the wood desti-
nation (Fig. 4), granted that the notification is in accordance with the legal dispo-
saitions. The inspectors also control the authorized destinations in order to assure
the fulfillment of phytosanitary measures.

The Disease in Portugal

The number of decline symptomatic trees, potentially infested with PWN, has been
increasing since the disease was detected, a trend which is not confirmed by the
2006/2007 data. In what concerns the Buffer Zone, the number of eradicated trees
has been generally the same along the years (Fig. 5). However, it is important to note
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Fig. 5 Decline symptomatic trees evolution in the Demarcated Area. Also depicted is the area
covered by the Affected Zone and by the Demarcated Area, in ha

that the Affected Area has been changing along the years and also that the decline
symptomatic trees are not necessarily infested with the PWN, research showing
that the conifers’ decline causal agents, in the region, are rather diverse, biotic and
abiotic. This can be deduced by the analysis of the graphic presented on Fig. 6 that
shows a distinct trend in both indexes [Number of decline symptom trees/DA pine
stand area] and [Estimated number of positive trees/Number of decline symptomatic
trees], along the different campaigns. This suggests that other decline causal agents,
rather than PWN, are present and might be responsible for the decline increase.

In the Affected Zone, decline symptomatic trees are concentrated in some im-
portant production areas, the “critical locations”. Table 1 indicates the evolution of
total number of decline symptomatic trees identified in the Affected Zone, as well

1999/2000  2000/2001  2001/2002 2002/2003  2003/2004  2004/2005 2005/2006  2006/2007
@ N.° Decline Symptom Trees/Pine Stand Area m Estimated Number of Positive Trees/N.° Decline Symptom Trees.

Fig. 6 Evolution of the indexes [Decline symptomatic trees/DA Pine stand area] and [Estimated
number of positive trees/Decline symptomatic trees]
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Table 1 Evolution of the number of decline symptomatic trees in the Affected Zone and in the
Critical Locations, Comporta e Apostica. For reference the estimated number of maritime pines, in
the Affected Zone, is 7 millions

CAMPAIGN 99/00  00/01 01/02  02/03  03/04  04/05  05/06 06/07

Total number of ~ 45.531 57.402 46.068 57.061 71.107 95.302 240.097 163.892
decline
symptomatic
trees in AZ(V

Critical 742%  21,88% 49,55% 54,55% 59,82% 64,57% 60,00% 58,33%
Location of
Comporta

Critical 1434% 9,76%  3,15% 7,51% 3,12% 4,66% 5,14%  1,09%
Location of
Apostica

Critical 21,75% 31,64% 52,70% 62,07% 62,93% 69,23% 65,14% 59,42%
Locations
(Total)

Remaining 78,25% 68,36% 47,30% 37,93% 37,07% 30,77% 34,86% 40,58%
Affected Zone

@ For the sake of comparison, the percentages shown refer to the Affected Zone limits stated on
the Regulation n.° 1572/2003, from December, 27th, 258.000 ha.

as the percentual evolution of these numbers considering the critical locations and
the reminder Affected Zone.

A general analysis of the Demarcated Area, shows that although the absolute
number of symptomatic trees in the Affected Zone had increased, there has been a
percentual reduction of this number in the Critical Locations, where 59, 42% of the
DA decline symptomatic trees are located, as shown in Fig. 7.
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Fig. 7 Decline symptomatic trees evolution in the Demarcated Area
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The 2006/2007 Survey/Eradication Campaign

A total number of 218 895 trees was identified as symptomatic, occupying 28
667 ha, from which 4 595 were located in the Clear Cut Belt. In the Demarcated
Area, 214 300 decline symptomatic trees have been detected, from which 17 770
were located in the Buffer Zone and 196 530 in the Affected Zone. A total number
of 5797 samples were collected and analysed in order to screen for the presence of
PWN, from which 1 232 were located in the Affected Zone, 3 703 in the Buffer Zone
and 862 in the Clear Cut Belt. Details regarding the number of samples collected
from symptomatic and non-symptomatic trees, at DBH height or at the canopy level
and the number of samples incubated, are provided in Table 2.

In 2006/2007, 249 samples tested positive for the PWN in the Affected Zone. No
positive samples were found in the Clear Cut Belt and in the Free Zone.

The total number of eradicated trees was 1 202 601, from which 218 895 were
located at the Demarcated Area and 983 706 at the Clear Cut Belt; in this corridor, a
large number of trees with DBH < 10 cm have been detected and eradicated (3758
054). Table 3 summarize the 2006/2007 survey and eradication campaign.

The number of eradicated trees was far beyond the number initially estimated, in
what regards non-symptomatic trees. In the Clear Cut Belt there was 4 741 760 trees
cut (4 041 760 trees more than initially estimated), including 3 758 054 specimens
with DBH < 10.

Table 2 Number of samples collected in the different PROLUNP set regions, at Diameter at Breast
Height (DBH) and at canopy level; it is also presented the number of samples incubated

N.° of samples  Free Zone Demarcated Area Clear Cut Belt
collected
Risk Areas Lisbon 200 plots Affected Buffer
(1193 plots) (78 plots) Zone Zone
From 167 8 412 809 3505 473
symptomatic
trees at DBH
level
From 0 68 85 102 264
symptomatic
trees at
canopy level
From non- 601 37 467 297 51 113
symptomatic
trees at DBH
level
From non- 0 0 129 41 45 12
symptomatic
trees at
canopy level
Incubated 0 0 1.010 126 147 276
TOTAL 227 45 1076 1232 3703 862

@ Include 58 samples collected from material stored at Risk Areas.
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Table 3 2006/2007 survey and eradication campaign results

2006/2007 campaign Demarcated Area Clear Cut Belt
Affected Zone Buffer Zone
N.° of symptomatic 196 530 17770 4 595
trees identified
N.° of decline 196 530 17 770 4595
symptomatic trees
eradicated
N.¢ of Not applicable Not applicable 983 706 + 3 758 054

non-symptomatic
trees eradicated

Actions Planned

Actions to be implemented will vary according with the area of intervention (Free
Zone and Demarcated Area), as follows:

Free Zone Survey

Demarcated Area

Survey

Eradication

Insect Vector and Scolitids’ Control
Inspection and Control

Forest Reconversion

Public Awareness

Research and Development



Incursion Management in the Face of Multiple
Uncertainties: A Case Study of an Unidentified
Nematode Associated with Dying Pines Near
Melbourne, Australia

Mike Hodda, David Smith, Ian Smith, Lila Nambiar and Ian Pascoe

Abstract In late November 1999, dying pine trees were observed near the docks
in Melbourne. The cause was initially identified as Bursaphelenchus xylophilus, the
pinewood nematode. However, it was soon discovered that it was another nematode,
Bursaphelenchus hunanensis, which was associated with the dying pine trees. Very
little was known about the biology or pathogenicity of this species, except that it had
never before been recorded in Australia. Other dying trees were soon discovered
with the nematode, and deciding on an appropriate response became a critical issue.
This paper describes the subsequent events in the face of the uncertainty regarding
the pathogenicity of the nematode, its origin, its vector, and its biology, particu-
larly dispersal. More general principles can be drawn from this experience regard-
ing the management of incursions of pinewood and other nematodes. There may
also be important lessons regarding spread of nematodes associated with wood and
insects.

Introduction

This paper is about the response to an apparent incursion of an exotic nematode
of uncertain pathological effect. The nematode is from the genus Bursaphelenchus,
which includes the pinewood nematode (B. xylophilus), a major quarantine pest.
The nematode was originally thought to be B. xylophilus, but was instead the little
known species B. hunanensis. This paper describes how the situation was handled,
particularly in the light of uncertainty about the biological characteristics of the
nematode, its pathogenicity, and its relationship to the local fauna. It is important to
document such events so that successful and unsuccessful incursions can be com-
pared, the processes of invasion and of becoming a pest can be better understood,
and improved responses to future incursions can be planned and implemented. Some
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general issues in the management of incursions are discussed. The benefit-cost ratio
of action is calculated as indicating that erring on the cautious side was justified in
this case, so that taking appropriate action to contain and eradicate the potential pest
was the correct response. The eradication campaign shows that with an appropriate,
adaptive response to incursions in place, eradication of nematodes can be achieved.
This, too, is an important result in considering the most appropriate responses to the
incursion of exotic nematodes.

The Situation and Initial Response

In January 2000, government officers from a local Council reported the rapid decline
of a mature pine tree (Pinus halepensis) in the botanic gardens at Williamstown, near
the main port of the city of Melbourne, Australia (37°51'S 144°53'E). The tree was
reported as having declined rapidly, with the needles turning yellow to brown and
the twigs becoming dry and brittle. Symptoms first appeared in early summer and
developed over a 4-6 week period. The dead pines retained their needles. These
symptoms are very similar to those of Pine Wilt Disease (PWD) (Evans et al.,
1996).

In February, wood samples were taken from the tree and submitted to the local
diagnostic service. Initially the cause was thought to be a fungal disease, but the
only fungi extracted after extensive sampling were Sphaeropsis spp. isolated from
the branches and trunk. Sphaeropsis spp. are known as shoot blight, and were for-
merly in the genus Diplodia. Sphaeropsis spp. are known to cause severe damage
only in trees under stress from unfavourable environmental conditions, and often
kill only current-season buds, shoots, and 2nd-year cones. Cankers and resin ex-
udations on infected shoots, branches and main stems are also characteristic of
Sphaeropsis infections. However, there were none of these symptoms, and no other
fungal pathogens could be found. Foliage chloride was tested because the tree was
near the coast, but this was below the threshold considered harmful for pines.

It was decided that further investigations were warranted for two reasons. First,
because the tree was located near a port handling a large volume of international
cargo, and there was concern about incursions of exotic pests and pathogens. Sec-
ond, there are large areas of plantation pine forests located in the state. Pines are
the basis of a large plantation softwood industry producing about 10 million cubic
metres of timber per year. Furthermore, the only species of the genus Pinus in
Australia are introduced, and subject to few diseases: this is one of the reasons
for the large plantation area. There is thus a strong interest in any disease—Ilocal or
exotic—which may affect this resource.

Following the failure to find any fungi likely to have killed the tree, the local
diagnostic service searched for nematodes. Samples of wood were cut into chips and
the nematodes were extracted over several days using Whitehead-Hemming trays
(Hooper, 1986). Large numbers of nematodes were found of several different types.
One of the types was identified as possibly being B. xylophilus, the cause of PWD.
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This species had never been found in Australasia before (MacLeod et al., 1994), and
is a major quarantine pest (Evans et al., 1996; EPPO, 2003). The tentative diagnosis
was forwarded to the federal quarantine authorities, who convened a meeting of the
advisory committee on plant health. The committee requested that more nematodes
be extracted and forwarded to the main nematode diagnostic laboratory in Australia,
at CSIRO Entomology in the city of Canberra.

At the CSIRO laboratory, three types of nematodes were found in the wood sam-
ples, but the absence of B. xylophilus could be confirmed definitely based on the
morphology of the nematodes, within the statistical restrictions of sampling a large
volume of material. All of the Aphelenchida present differed from B. xylophilus in
basic characters, such as stylet length, tail shape and the development of the anus.
Two of the nematodes were identified as belonging to the genera Aphelenchoides
and Ektaphelenchus. No species in these genera are pathogenic to trees (Hodda,
2003), so identification to species was not attempted at this stage. The third type
of nematode was identified morphologically as probably belonging to the species
B. hunanensis. There were no adult males present, which made positive identifi-
cation problematic. Attempts to culture the nematode using the methods devised
for B. xylophilus (e.g. Bolla and Jordan, 1982; Braasch et al., 1995, 1999a; Hoyer
et al., 1998) were unsuccessful, including using both local fungi and fungal cultures
used for several Bursaphelenchus species, which were obtained from Dr Thomas
Schroeder (BBA, Braunschweig, Germany). The diagnosis of B. hunanensis raised
several issues about the differential diagnosis of the genus Bursaphelenchus from
Aphelenchoides and Laimaphelenchus. These issues have also arisen in other stud-
ies of aphelenchid nematodes (Braasch, 2004; ?, ?). There have been no molecular
studies of this species.

B. hunanensis has been recorded in the literature only from Hunan Province,
China, where it was associated with dead Pinus massoniana Lamb (Yin et al., 1988).
The only known records of any species of the genus Bursaphelenchus in Australia
were as follow.

1. An unidentified species was found on Hyleops glabratus, the hoop-pine stitch
beetle (Coleoptera, Curculionidae) on 7 July 1972 about a thousand kilometres
away in another state (north-eastern NSW). This record was from subtropical
wet forest and not associated with dying trees. The record was from the specimen
database of the Queensland Museum, Brisbane, but the specimen was no longer
in good condition, and the identification was doubtful.

2. A species described as close to B. sexdentati was found on Ips grandicollis which
were attacking Pinus taeda in a pine plantation in similar areas to the first report
(north-eastern NSW) (Stone, 1990; Stone and Simpson, 1990, 1991).

There were few other records of sampling for nematodes in trees of any sort in
Australia (Hodda, 2003), and sampling of other, healthy trees nearby did not find
B. hunanensis.

The conclusion from the data available at this stage was that B. hunanensis
was probably exotic, and possibly associated with pathology of the trees in some
way. However, neither of these conclusions could be definitive given the data
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available. This sort of situation may be more common in quarantine situations than
is often thought, given the increasing recognition of cryptic species, races, biotypes,
pathotypes and other hitherto unknown structure within what were previously con-
sidered uniform “species”, as well as the vast number of unknown taxa. Nematodes
are not the only organisms where this may happen.

Response Stage Two

The advisory committee on plant health decided that further action was justified.
Several factors were taken into account in deciding this: that B. hunanensis was
apparently exotic, the serious quarantine pest status of one species in the genus
Bursaphelenchus, plus the uncertain pest status of some others, the high monetary
value of nearby pine forests, and the value of an immediate response. A detailed
evaluation of these factors in the decision is presented in the section “evaluation of
response”.

The infested tree was isolated, then the above-ground parts were cut down and
carefully removed in a sealed truck to the local garbage tip, where it was burnt. The
roots were excavated for a radius of about a metre around the stump and to a similar
depth, then removed in a sealed truck for deep burial at the same tip.

The next steps were to ascertain if there was any spread of the nematode, and
identify any insect vectors involved. Light traps were set up around the area where
possible, and checked regularly.

In deciding where to sample for the nematode, data on the flight radius for vec-
tors of B. hunanensis were sought. Unfortunately, there is no data available for this
species, as is the case for many species of the genus Bursaphelenchus, so the data
for B. xylophilus was used. This raises another issue where the best-known species
in a genus is almost invariably the most severe pest, not necessarily the most repre-
sentative. This issue is discussed further in the section “evaluation of response”.

Known and potential insect vectors of B. xylophilus include at least 40 species
of beetles (Coleoptera): 19 species of the genus Monochamus (pine sawyers),
10 species in 9 other genera of the family Cerambycidae, 4 species in genera of
Curculionidae, and a species of Buprestidae (Hodda, 2006). The flight range of
most of these is, again, unknown, so again the only information available comes
from the species that are the most severe economic pests. Monochamus alterna-
tus are the main vector in Japan, and generally disperse less than 100 m (Ido and
Kobayashi, 1977). In Japan, about 75% of beetles are recaptured within 100 m
of release, but dispersal of 2.5 Km has been recorded (Ido and Kobayashi, 1977;
Fujioka, 1993; Yoshimura et al., 1999; Takasu et al., 2000). The annual expansion
of range for B. xylophilus on M. alternatus was estimated at 2—15 Km (Togashi et al.,
2004). The issue of dispersal is also discussed further in the section “evaluation of
response”.

Sampling of all trees within a 1 Km radius, with sampling of dead or dying conif-
erous trees only within a further radius of 4 Km, was decided upon as combining a
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Fig. 1 Trees sampled for nematodes around Melbourne. Concentric circles or arcs correspond to
distances of 1, 5, 10, 20, 40 and 60 Km from the first tree

high probability of containing all or most nematodes if vectored by Monochamus
(Fig. 1). In deciding this, the assumption was that this was a recent introduction.
It was assumed that if the introduction caused significant pathology and occurred
some time in the past, symptoms would have been noticed before they were. The
known pathology of B. xylophilus makes this assumption somewhat tenuous. Dis-
ease symptoms only occur above a certain temperature, and are more likely if
trees are under stress, particularly from drought, high temperatures, chemical com-
pounds or shading (Tanaka, 1975; Rutherford and Webster, 1986; Kaneko, 1989;
Rutherford et al., 1990; Evans et al., 1996; Kawaguchi et al., 1999; Mamiya, 1999;
Braasch, 2000). Melbourne winters and springs are cool and damp, so few symp-
toms would be expected until early summer, even if introduction was up to 6 months
previously.

The other factor in choosing this sampling scheme was feasibility. In a basically
urban environment, sampling of all trees within the 1 Km radius was considered
likely to be feasible, but sampling every tree within a radius of 5 Km was thought
unrealistic. There were no estimates of the number of coniferous trees in the area on
which to base this assessment.

To complete the sampling, trees in the 1 Km core area were located visually
by driving all local streets. All were then sampled for nematodes by cutting discs
from any branches which appeared unhealthy, as well as taking small cores from
the trunk at various heights. Whitehead-Hemming trays were used for extraction of
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nematodes. Using these methods, nematodes were detected in none of the 21 trees
located within the 1 Km radius study area, nor in any of the trees sampled in the
1-5 Km radius area. (Cypress trees on the foreshore were dying back due to high
chloride in foliage, the result of salt spray.)

Samples from pine forests from other states of Australia were taken by local
forestry agencies to confirm that B. hunanensis really was exotic. Pines in poor
condition were preferentially sampled in Western Australia, South Australia, Tas-
mania, NSW and Queensland using similar methods to those used in Victoria, and
submitted to the CSIRO laboratory in Canberra. None of the 10 samples had any
of the species isolated from the original dying tree. This was consistent with the
nematodes being exotic, although it was hardly a sufficient number of samples to
prove this was so with any degree of certainty. This issue is discussed further in the
section “evaluation of response”.

At this stage (March 2000), it seemed that there was only a single tree which
had been infested. However, in May, a single dying Pinus spp. was reported ap-
proximately 10 Km from the original tree, and on investigation found to contain
B. hunanensis. The tree was immediately removed using similar protocols to the
tree at Williamstown. No single cause of death other than the nematode could be
found, despite extensive testing.

A survey of all dead or dying coniferous trees within a 5 Km radius of the second
tree with B. hunanensis was commenced immediately, with trees located as before
from the roads. In this survey, a further tree containing B. hunanensis was located
near the edge of the 5 Km radius, and 15 Km from the original tree. It was becoming
obvious that the assumptions regarding dispersal were inconsistent with observa-
tions, so a new strategy was adopted. Aerial surveys were conducted by helicopter
for any coniferous tree with symptoms within a radius of 50 Km of the original tree,
and the public of the entire state were invited in print, radio and television to report
coniferous trees which had died rapidly. Large areas of largely native (Eucalyptus
spp.) forest east of Melbourne were also surveyed visually for obviously diseased
trees from the main roads. Light and pheromone traps were deployed throughout
Melbourne in an attempt to catch any vector, particularly if it too was exotic. The
measures continued through June and July.

All 110 trees identified in the aerial surveys and 36 trees reported by the public
were investigated for the presence of nematodes. Trees reported by the public were
located as far as 500 Km away. A total of 33 trees contained B. hunanensis, the
furthest 60 Km from the original tree and presumed source at the docks (Fig. 1). All
were removed as soon as practicable after large samples of wood from the trunk and
branches were removed. These large wooden billets were placed in drums to recover
potential vectors.

The exotic cerambycid Arhopalus rusticus and the globally widespread Ips
grandicollis, both potential vectors for PWD (Lieutier and Vallet, 1982; Linit et al.,
1983), were found in the light and pheromone traps. A few A. rusticus were found
in one of the infested trees. No Monochamus were found in the light or pheromone
traps. No nematodes were found in extensive searches of the exterior and interior of
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the beetles. B. hunanensis was common, but not universal in suspect trees, and no
B. xylophilus were found.

Response Stage Three

Surveillance was maintained for the following 18 months, particularly for the fol-
lowing two summers (December 2000—March 2001, and December 2001-March
2002). A further 40 trees were tested because of rapid death during the summer of
20002001, with only two having B. hunanensis. These trees were removed. During
the summer of 2001-2002, only 5 trees were tested and none had B. hunanensis.
B. hunanensis was not isolated from any healthy tree, nor was it found in all dy-
ing trees.

Pathogenicity of B. hunanensis

Attempts to evaluate the pathogenicity of B. hunanensis were conducted in parallel
to the eradication campaign. Nematodes extracted from wood were directly inoc-
ulated into 3-year-old Pinus radiata (the predominant species in local plantations)
and P. halepensis (the species of the first tree affected). Trees of this age were the
only ones available at short notice. Other studies have often found that pathological
responses are more likely in young trees (McNamara, 2004). After 3 months, no
nematodes could be reisolated from the trees and there were no symptoms.

Direct inoculation of healthy trees with wood plugs from trees known to have the
nematode also failed to reproduce the symptoms. No nematodes or fungi could be
re-isolated from trees so treated. Attempts to grow the nematode in culture were
unsuccessful (see above: stage 1). Other potential causes of pathogenicity were
considered but rejected as being the main cause. The state was in the fourth year
of drought, but this was unlikely to be a main cause because affected trees were
often within groups of otherwise healthy trees. Several of the trees were within
parks where the trees received some degree of care and watering. Likewise, although
Diplodia was isolated from many dying trees, it was not found in all trees. Nor were
there symptoms consistent with the usual manifestation of the disease: whole trees
were affected rather than single branches, and only one individual in a group of
trees was dying rather than all. Other fungi and insects—Armillaria spp., Ophios-
toma spp., Phytophthora spp. and Ips grandicollis—were rejected as being primary
causes of mortality on similar grounds. Salt levels were tested and found outside
the generally accepted pathogenic range in most affected trees. Physical wounding,
earthworks etc. may have affected some of the trees that died, but were certainly not
involved in most, including the first two trees affected.

The tests for pathogenicity were therefore inconclusive. B. hunanensis could
not be confirmed as associated with symptoms, except statistically, and Koch’s
Postulates were not satisfied. However, no other single potential cause, biological,



22 M. Hodda et al.

chemical or physical could be unambiguously identified either. Because of the na-
ture of the disease, doubts have been expressed as to whether Koch’s Postulates can
ever be used to demonstrate the pathogenicity of B. xylophilus (McNamara, 2004).

In the present case, the most likely explanation may be that a complex of factors
was involved. This is discussed further below.

Distribution of Trees Containing B. hunanensis

A summary of the trees from which B. hunanensis was isolated is presented in
Fig. 1. The pattern resembles a plume from the first tree and presumed origin at
Williamstown. Most trees containing the nematode were in an arc between bearings
of 60° and 120° from the first tree, with the mean direction about 70-90° (East-
Nor-East to East). This is the general direction of prevailing winds.

Another feature of the figure is that there are few infested trees within 10—15 Km
of the presumed origin. In the direction of the plume, shorter distances correspond
with the city centre (where there are few trees) and the open waters of the bay. The
furthest tree was about 62 Km away, but most were within 20-50 Km. None of the
trees outside the immediate environs of Melbourne contained B. hunanensis.

The main exception to the general pattern was a tree located about 52 Km away
at bearing 170°. In this general direction this is the closest landfall.

The pattern is generally consistent with a single dispersal flight by wind-borne or
wind-aided vectors. However, the distances involved are considerably greater than
are normally associated with vectors of B. xylophilus. Within the context of pre-
paredness for, and control measures following, possible incursions by nematodes
from the genus Bursaphelenchus, the fact that at least some species of the genus can
be transported these distances is of particular note. The identity of the vector would
be most interesting, but as B. hunanensis now appears to have been eradicated, the
vector will probably never be known. The rapid decline in trees containing the ne-
matode over the years subsequent to its first isolation, and the inability to find any
insects with nematodes, indicated that whatever the vector was, it was inefficient in
terms of the percentage of vectors carrying nematodes and possibly also the number
of nematodes carried on the vector.

However inefficient in terms of numbers, the distances an organism can be carried
is more significant in terms of quarantine. This is especially so if there are other
vectors which may be more efficient, but only travel short distances. The short-
distance efficient vector could then transmit nematodes from foci created by the
inefficient, but long-distance vector some distance away from initial infestations.

Most trees had relatively few B. hunanensis (less than 10 individuals per 10 g
of wood), but some had high numbers of nematodes within them (up to 7000 indi-
viduals per 10 g of wood). The vast majority of nematodes were juveniles. These
are population characteristics consistent with non-breeding, inviable populations.
The nematodes may have found few appropriate hosts, habitats, food sources, or
appropriate vectors beyond their initial ones.
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Discussion

Initial Analysis of Risk

The likely impact of an exotic organism relative to the cost of the options of eradica-
tion, containment, control or doing nothing is important information in considering
the best response to an incursion. The likely impact can be estimated by considering
each part of the invasion process separately: the likelihood of success in invasion, the
consequences of a successful invasion, and the success and cost of mitigation strate-
gies if the organism becomes established. The likelihood of success in invasion can
be further divided into processes of arrival, establishment, spread and persistence.
Consequences can be divided into direct effects on humans, crops or beneficial or-
ganisms, indirect effects such as loss of ecosystem services or trade restrictions,
and the cost of control or management strategies, including the costs of what is
precluded by the pest or management strategy.

The problem with estimating the risk this way is that a lot of data is required: not
all may be available, and quality of different parts may vary widely (Stohlgren and
Schnase, 2006). This situation is common with nematodes (Hockland et al., 2006).
Thus there is an estimation process with some degree of uncertainty. The role of
uncertainty is discussed in the following section.

In the initial consideration of the risk posed by B. hunanensis, the basic infor-
mation was evaluated as follows. This was the situation after B. hunanensis had
been found in a single dying tree, with no other information except the report of
B. hunanensis from the type locality.

e Cost of successful establishment of B. hunanensis. The worst case scenario is
similar to that for B. xylophilus. In Japan, mortality (without mitigation mea-
sures) of P. radiata (the most common species in Victoria) was about 80%
(Mamiya, 2004). Spread has been about 2—15Km yr~! (Togashi et al., 2004),
and the value of P. radiata plantations is about AUD15 000 to AUD 30 000 Ha™!
(Southern Tablelands Farm Forestry Network, pers comm.). With these figures,
the total value of potential losses ranges from about AUD 0.2—12 million in the
first year, and 0.35-19 billion over 20 years.

Another way of estimating is using the national turnover of forest products
(AUD 18 billion: Parsons et al., 2006) or returns for exports (AUD 2 billion,
Australian Bureau of Statistics, 2005), and the proportion of forests potentially
affected (30%: Mamiya, 2004). Using these figures, the estimate of potential
effects are AUD 6 billion in annual turnover, and 0.7 billion annually in exports.
At the initial stage, the only record of B. hunanensis on P. halepensis was the
one we had, so pathogenicity in our situation was uncertain, discussed further
below in section using other species data. The costs of trade restrictions, amenity
value etc. would have to be added to these figures. Damage to ecosystems may
also occur, though quantification is lacking (Batabyal and Beladi, 2006; Perrings
et al., 2000).
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® Containment. This was not considered a feasible option, given the urban setting
with large, unregulated movement of plant and other material. It was also con-
sidered an unlikely because of the spread in most countries in which it had been
introduced (Webster, 1999, 2004; Yoshimura et al., 1999).

® FEradication. Cost unknown but thought relatively small because of the sparse
distribution of potential hosts in the urban area. Note that relative costs and
feasibility of containment and eradication may invert in a less-inhabited, heavily-
forested environment, or one where access was restricted.

e (Control costs if established. Based on the experiences of China and Japan, com-
plete control appeared unlikely, and mitigation the best likely to be achieved
(Evans et al., 1996; Mamiya, 1988; Yang, 2004). Furthermore, in the local con-
text, mitigation measures were likely to be difficult because of large areas and
low workforce numbers. The costs of this option were thought likely to be high.

The conclusion had to be that a response was probably warranted because of the
economic importance of pine forests, and further, that to attempt eradication was
probably the best response. This was what was implemented.

The main factor in the decision was the large potential cost of a nematode with ef-
fects similar to B. xylophilus. Even though the probability that B. hunanensis would
have such effects was very low, the high cost meant that action was warranted. This
is a general feature of risk management: if the unmitigated negative effect is very
large, then action is required even if the likelihood is very low (Gigerenzer, 2002).

Uncertainty

Uncertainty is a common feature of many quarantine situations: an incursion by
definition involves an organism in a place that it does not normally occur. Where
the organism is a relatively well-known exotic, the outcome can be predicted with
reasonable certainty in some situations.

There may have been previous incursions of the organism.

® The new landscape is highly modified so that it is very similar in many ways
to the landscape which is the origin of the exotic. The commonest examples are
many agricultural landscapes, which have been deliberately modified to at least
partially mimic the origin of a particular crop (and many of its pests).

® The organism has been involved in numerous documented incursions into other
new places, and so there are numerous precedents.

In many other situations, like that described for B. hunanensis in Australia, the
organism and its response in a new environment are inadequately known, so the
outcome of an incursion cannot be predicted with certainty. Whether it is exotic
or not may even be uncertain. In these cases there needs to be a prediction as to
whether the organism will become a pest, with a measure of the uncertainty of the
prediction.
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There are several ways to estimate the likelihood that an exotic nematode will
become a pest. The simplest calculates the percentage of known species that are
pests. For animals in general this is about 1% (Williamson, 1996; Williamson and
Fitter, 1996). For nematodes, the figure may be about 2% (about 200 species are
recognized as pests (Nickle, 1992), out of 11 050 species described at a similar
time (Andrassy, 1992)). More sophisticated estimates might involve the percentage
of exotics that are pests (Dark, 2004; Rejmanek and Randall, 2004), but this is not
known for nematodes.

Of most relevance is whether uncertainty should increase or decrease the reason
to respond. There are reasons to do both.

Reasons that a high degree of uncertainty should increase the risk—and conse-
quently the likelihood of a response—include the simple statistical observation that
a high degree of uncertainty generally means that there will be a wider range of
possibilities. This means that there is a greater chance of severe negative effects.
The possibility of severe negative effects (disasters) generally means a high level of
concern, almost irrespective of the probability (Vitousek et al., 1996; Mack et al.,
2000; Gigerenzer, 2002).

There is also the possibility that there will be strong selective pressures for the
evolution of pathotypes, races or biotypes in pests, and that these will be unknown.
Recent evidence suggests that evolution may occur more rapidly than previously
thought (Rodriguez-Trelles and Rodriguez, 1998; Bradshaw and Holzapfel, 2006;
Umina et al., 2005; Franks et al., 2007). The genus Bursaphelenchus has long been
considered likely to evolve rapidly (Giblin-Davis, 1993; Evans et al., 1996). The
importance for quarantine of such characteristics of many pest species is becoming
increasingly recognised (Brasier, 2001; Kohn, 2004).

Reasons that a high degree of uncertainty should lessen the risk include the
observation that, in nematodes at least, knowledge about a particular species may
be related to pest status. Pest species are studied more than those that are benign
precisely because of their economic effects, so a higher proportion of pest species
may be known than benign. Conversely, pests may be a smaller proportion of the
species about which we know little—and are consequently highly uncertain—than
they are among the well-known species. Hence, there may be a lower probability that
a poorly known or unknown nematode will be a pest than there is for known species.
If this is the case, there should be less justification for action for poorly-known or
unknown species.

There are also reasons for the observation of pests frequently being better-studied
than benign nematodes meaning that action is justified. This is because many quar-
antine pests are not major pathogens in their native range. The best examples of
this in nematodes are some of the biggest quarantine threats: B. xylophilus and the
potato cyst nematodes (PCN) Globodera rostochiensis and G. pallida (Mamiya,
1984; Wingfield, 1987; Lehman, 2004; Hockland et al., 2006). B. xylophilus was
not studied in its native range until after it was recognized as the cause of PWD
elsewhere (Mamiya, 1984). Likewise the PCN (Franco et al., 1998). Thus species
which become pests out of their native range may actually be less likely to be well-
studied because they are unlikely to be major problems in their native range.
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It is also possible that a species being poorly known may have no effect on
the probability that it will become a pest in a new environment. This is because
characteristics in the native range are often poor at predicting whether an animal
will become an invasive pest in another place (Williamson, 1996; Kolar and Lodge,
2001; Marchetti et al., 2004; Arim et al., 2006; Inderjit and Drake, 2006). Whether
this applies to nematodes requires research: many of the worst nematode pests are
apparently the same everywhere (e.g. Mota et al., 2006).

The fact that the host is also out of its native range may also increase the probabil-
ity of pathological interactions. It is has been frequently observed that B. xylophilus
only affects many species out of their native range (Furuno et al., 1993; Mamiya,
2004). All species of Pinus are exotic to Australia.

Estimation of Impact Using Known Relatives

One way to predict the possible effects of an organism about which little is known
is to use the nearest relative about which the information exists. This may lead to
an over estimate of the adverse effects of the poorly-known species because that
species is likely to be a pest, because, as suggested above, pests are more likely to
be studied than their benign relatives due to their economic impact. Unless there are
more studies of free-living nematodes, this will remain a factor in decision making,
but it should be acknowledged more than currently.

Whatever the bias, estimation of impact using known relatives may give an ex-
cellent estimate of the “worst-case scenario”. For many risk analysis methodologies,
the worst case is the most significant (Gigerenzer, 2002).

Eradication

There have been few examinations of the options available for nematode quaran-
tine, and few documented cases of eradication. Emphasis in nematode quarantine
is mostly on prevention of incursions through hygiene and disinfestation (Hock-
land et al., 2006). When incursion management is discussed, it is generally with
regard to containment (e.g. McNamara and Smith, 1998; Whitehead and Turner,
1998; Watson, 2004; Hockland et al., 2006), only very occasionally with regard to
eradication (e.g. Marshall, 1998).

It is very noteworthy that eradication of nematodes can work, as reported here. It
should be considered as an option in at least some nematode incursions. The circum-
stances under which eradication will be the best option require further investigation.

Cost of Delay

There is a cost in delaying action in the face of uncertainty. In either of the options of
eradication or containment, delay inevitably increases the radius of the area which



Incursion Management in the Face of Multiple Uncertainties 27

needs to be treated. Cost is, of course, generally related to area, and area is related to
the square of the radius, so cost increases rapidly. The chance that a suitable habitat
may be located for establishment increases in a similar way.

In the context of the incursion of B. hunanensis, a second flight of a vector sim-
ilar to the presumed original flight was estimated to cost AUD 1 million. This is a
substantial cost of delay, and justified at least commencing responses before all data
were available.

The correct identification of the nematodes to at least genus by the local identifi-
cation service also facilitated a quick response. Maintaining a degree of awareness
of nematodes and some expertise in nematode identification at a local level proved
valuable in the present case.

Value of Systematics

Having expertise or diagnostic tools for both local and exotic species is an impor-
tant part of being able to respond rapidly (discussed above). There are two issues:
one is the general difficulty of all but experts in differentiating nematode species
(Eyualem and Blaxter, 2003; Powers, 2004; Sturhan, 1996). The other is that only a
small percentage of all nematode species have been described, and an even smaller
percentage of species have had intra-specific variability recorded. This means that it
is often difficult to diagnose species, either on the basis of evidence or by judgement.
This difficulty is relevant in quarantine situations when the organism found is nearly,
but not exactly, like a known species, either local or exotic. Is it then the same or
different? This is a frequent occurrence in parts of the world like Australia where
knowledge of the fauna remains poor, and undescribed species are common. This
is a reason to maintain general taxonomists with general knowledge of important
groups of organisms.

Apart from being able to provide the most rapid response, having expertise within
the country avoids release of partial information: the first report of this incursion
was in fact a report from NZ, based on material sent for identification of potential
beetle vectors (Ridley et al., 2001; Smith et al., 2007). However, in the absence of
tools or expertise for exotic species, a personal network with overseas experts can
be a surrogate, so that an unfamiliar species can be referred to someone familiar
with it.

Whatever the expertise available, a robust phylogenetic systematic framework
in which to place both known and unknown species, is of considerable value in
reducing uncertainty and improving predictions in quarantine situations such as that
described here. An unknown species needs to be placed into an existing taxonomic
framework to determine the closest relatives, where they are found, and how dis-
tant is the relationship. In the case of all of the three species found initially at
Williamstown, there was uncertainty caused by the desperate need for revision of
the entire phylum Aphelenchida (Hunt, 1993).

Having a robust phylogenetic classification is particularly important for unknown
or poorly-known species. It allows the nearest relative to be identified, and used
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to predict the otherwise unknown risks associated with the species (as discussed
above). If material is insufficient to allow identification to species, then a phyloge-
netic classification enables the maximum information to be gleaned from identifica-
tion to species group, genus, sub-family, family or superfamily.

In the events described herein, this issue arose in the identification of B. huna-
nensis and the genera Aphelenchoides and Bursaphelenchus. There are considerable
morphological overlaps between the females of these genera, and nematodes with a
long stylet, long dorsally overlapping oesophageal glands, a short post-uterine sac
(PUS), and without a vulval flap could be in either genus (Baujard, 1980; Hunt,
1993). There are other characters to separate males, but males are not known in all
species of Aphelenchoides, nor are they present at all times in Bursaphelenchus spp.
(Hunt, 1993; Ryss et al., 2005).

It is better still if there have been attempts to map traits—such as parasitism,
hosts, or vectors—onto phylogenies. This allows estimation of the likelihood that a
new species will have a greater or lesser potential for pathogenicity. For example,
pathogenicity may have evolved several times within a genus, so that a new species
in the genus has a heightened chance of being pathogenic. Similarly, a large number
of species within a genus may be pathogenic, but from only one evolutionary event.
If pathogenicity is absent within the larger Family or Ordinal grouping, then the
chances that a new species of uncertain placement within the genus, Family or Order
may be less likely to be pathogenic.

There is some debate about the origins of pathogenicity within the genus
Bursaphelenchus. Some hypothesise that pathogenicity has evolved in an all-or-
nothing fashion at most twice in the genus of about 75 species (including
B. cocophilus: Giblin-Davis et al., 2003; McNamara, 2004; Ryss et al., 2005).
Others hypothesise that there is a gradualistic transition between non-pathogenic
and pathogenic species, with some species partly pathogenic or only pathogenic
under certain circumstances (Braasch et al., 1999b; Kanzaki and Futai, 2006;
Michalopoulos-Skarmoutsos et al., 2004). The evidence is currently equivocal, but
may become clearer if there is a bacterial complex involved in causing disease (Han
et al., 2003, 2006; Zhao et al., 2003).

The genome of B. xylophilus is highly plastic, with consequent potential for
changes in pathogenicity (Evans et al., 1996; Jones et al., 2005; Kikuchi et al. 2004,
2005, 2006, 2007). Two forms of B. xylophilus within North America, are recog-
nised by some: one has a round tail, usually occurs in Pinus spp. and is mostly
associated with disease; the other has a more pointed or mucronate tail, occurs
mostly on fir or spruce (occasionally on pine and other conifers) and is usually
benign (Bolla et al., 1986, 1987). Populations maintained as laboratory cultures can
change in pathogenicity and biochemical composition over time (Bolla et al., 1986,
Kiyohara and Bolla, 1990).

How many other species in the genus Bursaphelenchus share this plasticity is
unknown. However, it is possible that plasticity is a characteristic of the genus.
Bursaphelenchus has had a spectacular evolutionary radiation and is the second-
largest genus within the Order Aphelenchida: only Aphelenchoides with over 200
species is larger (Hodda, 2003).
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It is important to note that systematic resources as discussed in this section cannot
be generated instantly in the case of an urgent need when there is an incursion.

Knowing the Local Fauna

It is important in quarantine situations such as with B. hunanensis that the local
fauna be reasonably well described and sampled. Without descriptions of many
local species at all, it may be uncertain whether an interception is a species oc-
curring locally or not. In the absence of formal descriptions, voucher material and
samples which can be checked rapidly are useful. It may be impossible to obtain
material to tell whether an organism occurs locally or not within the time frame
needed for quick decisions on action (as discussed below: sampling problems). It
is worth knowing the local fauna. This is a worldwide problem for a wide range
of nematodes (e.g. Bello et al., 2005 in Spain; Bongers et al., 2003 in Costa Rica;
Braasch and Enzian, 2004 in Europe; Queneherve and van den Berg, 2005 in French
West Indies).

Before the incursion of B. hunanensis, the Australian fauna of Aphelenchida
associated with pines and insects was almost totally unknown, with two records only
(Queensland Museum, Stone 1990; Stone and Simpson, 1990, 1991). Considerable
efforts have now gone into rectifying this situation (e.g. ? 2, Zhao et al. 2006a, b,
2007). Decisions as to the best action after B. hunanensis was first found would
have been much easier if the information and collections available now had been
available then.

Sampling

Three sampling issues arose in responding to the incursion of B. hunanensis: the area
necessary to search, the way to search, and how to tell when B. hunanensis is absent.
It was necessary to sample for the absence of B. hunanensis in two circumstances:
to verify that it really was absent from other areas and states of Australia, and to
verify eradication.

The area to search for B. hunanensis was partly dependent on estimates of the
dispersal of possible vectors (discussed in the next section), and partly on practical
considerations (what resources were available and the ways that the nematode could
be found).

As the initial search area was fairly small (1 Km radius), and potential hosts for
the nematode (coniferous trees) were sparse, comprehensive manual searching was
feasible, both in terms of logistics (one team in a vehicle was easy to obtain), and in
terms of manually sampling every tree. In the outer (5 Km radius) area, there were
no estimates of the number of trees, unlike in a forest, but locating and sampling
every potential host could have been a very large task. There is no estimate of the
percentage of trees sampled, but the targeting of diseased trees only made the task
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feasible. When the area was expanded enormously after B. hunanensis was found
outside the initial search area, targeting of diseased trees only made what could have
been an enormous task feasible. Targeted diseased trees were also easy to identify
from the air, and so made the use of a helicopter possible. Aerial searching is of-
ten overlooked as a possibility for sampling large areas because of difficulties in
identification from the air (Mullerova et al., 2005).

Throughout the searches for B. hunanensis, completely covering the area of the
incursion was more important than improving the detection rate within the area. This
was because of the high level of uncertainty surrounding the vector(s), the impor-
tance of restricting spread outside the urban area, and the need to minimise the area
from which eradication would be required. Missing nematodes that subsequently
dispersed further increases the cost of eradication enormously (as discussed above).
The fact that initial estimates of the radius of dispersal were very much too low is
discussed further below.

In considering the lessons from the experience with B. hunanensis, one of the
best lessons was that relying on reports from the public was relatively effective
and efficient. Within the suburban environment, a high proportion of the dying
trees were reported, and even in rural areas, trees were reported from hundreds of
kilometres away.

The other major issue in searching for B. hunanensis was sampling to verify
that it was in fact exotic, and that it had been eradicated. Sampling for the absence
of an organism is often very costly because sampling effort for a given reliability
increases inversely with abundance. One lesson here was that ensuring total ab-
sence is not necessary if a minimum viable population density can be estimated
(Anderson, 2005). The sampling effort to ensure that abundance is below that which
is viable may be considerably less than that required to ensure that the population is
essentially zero (with the same degree of reliability). Estimates of minimum viable
populations are, of course, subject to considerable uncertainty, as discussed above.
Minimum viable populations for B. xylophilus have been estimated (Togashi, 1985;
Togashi and Shigesada, 2006).

Dispersal

The dispersal distance is key information for many parts of dealing with an incursion
such as that of B. hunanensis. From the feasibility of eradication or the area that
needed searching to estimating the minimum viable population, dispersal distance
was among the most important pieces of information.

Hence considerable effort was justified in trying to locate the vector. The fact
that a vector was not found increased the uncertainty involved in all actions, but
perhaps not by much. Potential vectors may behave very differently in different
environments. For example, a species of Dendroctonus spp. disperses approximately
16 Km in North America (Smith, 1971), but up to 35 Km in China (Zhang et al.,
2002), and attacks trees in a different way (Yan et al., 2005). Vector behaviour may
also be affected by the phoretic nematodes (Aikawa et al., 2003).
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Whatever the vector, a main conclusion from the results reported here is that the
nematode dispersed considerably farther than originally estimated. Part of this may
have been due to assistance of the vector by wind: the distribution of trees with
the nematode is a classic plume in the direction of prevailing winds. Part of the
reason for the great distance of dispersal may have been due to the plume being
over water or urban areas for shorter distances from the presumed origin (Fig. 1).
Part of the reason for the greater distances may be simply that some vectors can
travel these distances. Most studies on this topic have concentrated on dispersal by
vectors of B. xylophilus which are efficient in causing PWD (e.g. Linit et al., 1983;
Wingfield and Blanchette, 1983; Kobayashi et al., 1984; Sato et al., 1987). However,
B. xylophilus also has a non-disease cycle (Wingfield, 1987), and may also have
other vectors. These vectors may feed in different ways or be attracted to dead trees
only, so that they are not efficient in transmitting PWD, but can nevertheless disperse
the nematode (e.g. Arakawa and Togashi, 2002). There may also be vectors which
carry few nematodes—and are therefore unlikely to be detected—but which can
travel considerable distances. The rapid spread of B. xylophilus after the incursion
in Portugal in 1999, and in other countries also suggests that dispersal distances may
be greater than current estimates. Likewise, studies from Australia on other aphe-
lenchids associated with dead and dying trees (Aphelenchoides, Ptychaphelenchus
and Laimaphelenchus), have shown that these nematodes may disperse over large
areas (Hodda and Falez, 2008). These studies were made subsequent to the incursion
of B. hunanensis.

Interactions and Disease Complexes

The pathology of the tree deaths observed is worthy of discussion. As outlined
above, the studies on pathology of B. hunanensis were inconclusive, and a disease
complex was suggested as a possible explanation.

It has been suggested recently that a bacterium (Pseudomonas fluorescens) is
associated with pathology by nematodes in pines (Han et al., 2003; Zhao et al.,
2003). This bacterium may cause symptoms whether associated with B. xylophilus
or B. mucronatus (Han et al., 2006). The ability of other species of Bursaphelenchus
to carry the bacterium requires further testing, but may be possible. A toxin may also
be associated with some strains of the bacterium (Oku, 1988, 1990).

There is also the possibility that B. hunanensis is only pathogenic under some
circumstances. This may be the case with several species of the genus Bursaphe-
lenchus other than B. xylophilus. These may include B. leoni, B. sexdentati and
B. hellenicus (Braasch, 2000; Caroppo et al., 2000; Skarmoutsos and Michalopoulos-
Skarmoutsos, 2000; Michalopoulos-Skarmoutsos et al., 2004; Kanzaki and Futai,
2006). The pathogenicity of B. mucronatus in some circumstances is disputed
(Kruglik, 2001; Giblin-Davis et al., 2003; Kulinich, 2004; McNamara, 2004).

It is also possible that the pathogenicity only occurred in trees where several fac-
tors weakened their resistance to disease. Such factors may have included genetic
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susceptibility and environmental stress (drought, high temperatures, chemicals or
shading), which can increase susceptibility to PWD (Tanaka, 1975; Rutherford and
Webster, 1986; Kaneko 1989; Rutherford et al., 1990; Evans et al., 1996; Kawaguchi
etal., 1999; Mamiya, 1999; Braasch, 2000), as well as a range of diseases (Manion,
1981; Nilsen and Orcutt, 1996; Orcutt and Nilsen, 2000). Trees carrying B. xy-
lophilus can be asymptomatic for long periods before the disease manifestation is
triggered (Bergdahl and Halik, 1999).

How the risk and consequences of a disease complex are evaluated in quarantine
situations requires further investigations.

Cost-Benefit Analysis

In the worst case scenario, the ultimate cost of an incursion of a nematode with a
similar effect on local pine plantations as B. xylophilus in Japan can be estimated
at about $3 billion per year. Softwood forestry is worth about AUD18 billion yr~!
(Parsons et al., 2006), and losses average 30% yr~! in Japan (Mamiya, 2004). The
total cost of the eradication campaign was approximately AUD 0.2 million. If B. hu-
nanensis was associated with timber losses of the same magnitude as B. xylophilus,
then the benefit to cost ratio of the eradication campaign over 30 years (the rotation
cycle of the trees planted at the time of the incursion), would be about 1 million to
1, a very good ratio. Put another way, it is worth conducting 1 million eradication
campaigns where the benefits are uncertain if this results in stopping one pest which
will cause damage of the magnitude of that estimated for B. xylophilus. The figure
of 1 million is a worst-case scenario, but even if this is over-estimated by several
orders of magnitude, many eradications where there is uncertainty over the level of
threat are justified. The conclusion that action was justified is robust to considerable
uncertainty if there is the possibility of a major effect, however remote. We believe
that there was the possibility of a major effect in this case, as discussed above.

Many estimates of the probability that an exotic animal will become a pest are
about 1% (Williamson, 1996). Much research is directed at being able to predict
the phylogenetic, ecological or molecular characteristics of the 1% of species that
will become pests, but at present predictions are still unreliable (Williamson, 1996;
Kolar and Lodge, 2001; Marchetti et al., 2004; Arim et al., 2006; Inderjit and Drake,
2006). If the chance of an exotic organism such as B. hunanensis becoming a pest
are 1 in 100, then the eradication campaign was even more justified.

Conclusions

There are many questions about this incursion that will never be answered because
of the successful eradication campaign. However, the experiences and suggestions
that follow from the events surrounding the incursion of B. hunanensis may prove
useful in other quarantine incursions, particularly regarding nematodes, and most
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particularly involving nematodes associated with trees and insects. The main sum-
mary points are as follow.

10.

12.

13.

. More research is needed on which nematodes and other organisms become

pests, the conditions under which it is most likely to occur, and the ecosystems
most subject to invasion.

There are many research issues around predicting the characteristics of an un-
known or poorly-known species, and how representative are the species about
which most is known.

A robust phylogenetic systematic framework within which to place nematode
species has considerable value in terms of telling new species from variants of
existing species. It is also useful in allowing inadequate material to be iden-
tified to the best taxonomic level possible. This sort of information cannot be
generated instantly, but relies on existing expertise.

Studies mapping the origins of particular traits, particularly the origins of para-
sitism, may be very useful.

A good knowledge of the local fauna, and access to knowledge about the fau-
nas of other areas are important in deciding whether a species is exotic or not.
This information is lacking for many groups of nematodes for many parts of
the world.

. The means, speed and distance of dispersal are critical things to know for this

group of nematodes.

. Dispersal of Aphelenchida generally, and Bursaphelenchus in particular, may

be further than currently assumed on basis of current studies of efficient vectors
in pine wilt disease.

. There is considerable value in an immediate response to incursions by nema-

todes with the ability to disperse considerable distances. The value is likely to
be greater than the extra costs associated with uncertainty about the organism’s
identity or characteristics. A low cost of eradication because of a rapid response
and sparse potential new habitat can have major effect on the economics of
eradication (see point 14).

Training of staff likely to be involved in detection of exotic organisms in the
early stages of incursions proved very useful in this case.

The lowest viable populations of exotic invaders is very useful information, if
available.

. Just because an organism is not a major pest in its native environment, doesn’t

mean that it will not be a pest in a new environment.

The presence of exotics that may be part of disease complexes complicates the
options and management of incursions.

Eradication of exotic nematodes can be successful, and a valid response to in-
cursions.

. Cost-benefit ratios of eradication programmes for nematodes can be very favour-

able under almost any assumptions of their cost or the probability of the exotic
nematode becoming a pest.
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The Risk of Pine Wilt Disease to Australia
and New Zealand

Simon A. Lawson and Shiroma Sathyapala

Abstract Currently Australia and New Zealand are free of Bursaphelenchus
xylophilus, the pinewood nematode (PWN), which causes the pine wilt disease, and
its primary vectors Monochamus spp. Both countries have increasing interest in
this pest due to the significant area of exotic pine plantations, predominantly Pinus
radiata, and native conifer species that could be susceptible to PWN. Although the
current phytosanitary measures and surveillance programmes in New Zealand and
Australia minimise the risk of entry of PWN, both countries have favourable cli-
matic conditions for its establishment. In addition, there are significant uncertainties
in the susceptibility of Pinus species to PWN and the potential vector status of native
cerambycid beetles. A screening study was conducted in 2003 using 12-month old
seedlings from Queensland of P. elliottii, P. caribaea. var hondurensis and F; and F,
hybrid clones of these parents to determine their potential susceptibility to PWN and
Bursaphelenchus mucronatus. Results illustrated the limitations of screening young
plants in determining the susceptibility of older trees. The pest risk assessment
conducted in 2004 and the screening study confirmed that maintenance of strong
quarantine and surveillance programs and development of molecular or physiologi-
cal markers for identification of PWN resistance in planting stocks of Pinus species
and native species is indispensable to prevent the introduction of pine wilt disease
in New Zealand and Australia.

Introduction

History, Biology and Ecology

Pine wilt disease (PWD), caused by the pinewood nematode (PWN), Bursaphe-
lenchus xylophilus, is one of the most significant and devastating diseases affect-
ing Pinus spp. worldwide. A native of North America, where it causes mortality
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mainly to exotic Pinus species (Dropkin et al., 1981; Wingfield et al., 1984; Linit
and Tamura, 1987), it has since spread to Japan (Kobayashi et al., 1984), China in
1982 (Cheng et al., 1983; Li, 1983), Taiwan in 1983 (Tzean and Jan, 1985) and
South Korea in 1988 (Choi and Moon, 1989; Enda, 1989). In 1999, the nematode
was found in Portugal (Mota et al., 1999) where an eradication campaign has been
ongoing (Sousa et al., 2002). Severe mortality to endemic Pinus spp. has occurred in
all areas where the nematode has become established and where an efficient vector
has been present. These vectors have so far all proven to be cerambycid beetles in
the genus Monochamus (Coleoptera: Cerambycidae). In northeast Asia, the primary
vector is the pine sawyer beetle Monochamus alternatus, while in Portugal this
role is taken by M. galloprovincialis. Worldwide there has yet to be a successful
introduction of the nematode in the absence of Monochamus vectors or a success-
ful establishment of the beetle with or without the nematode. Australia and New
Zealand have no native Monochamus species and none has thus far been introduced.
There are a number of other potential insect vectors of the nematode present in
both countries, but similar taxa overseas in either the native range of the nematode
or where introductions have occurred have not been demonstrated to be efficient
vectors.

Forestry in Australia and New Zealand

Forestry in New Zealand

New Zealand’s forest resource covers over 8.2 million hectares, or nearly 30% of
New Zealand’s total land area. Indigenous forests make up the majority of this with
6.4 million hectares and planted production forests accounts for the remaining 1.8
million hectares. The forestry sector plays an increasingly important role in New
Zealand’s economy. In 2006, forestry contributed 3.4% of New Zealand’s national
income. New Zealand’s forest industry supplied 8.8% of Asia Pacific’s forest prod-
ucts trade and 1.1% share of the world trade. The dominant species in plantation
forest is Pinus radiata, which makes up 89% of the total planted forests. Douglas
fir (Pseudotsuga menziesii) makes up 6.4%, eucalyptus 1.8% and the remainder is a
variety of hardwood and softwood species. The major tree species in the indigenous
forests are kauri (Araucariaceae), beech (Nothofagaceae), rimu (Podocarpaceae)
and tawa (Cupressaceae). Native conifers consist of mainly Podocarpaceae, and
Araucariaceae. There are also some exotic conifer species such as spruce, fir and
larch which are mainly grown in urban gardens and have limited distribution in
New Zealand.

Forestry in Australia

Australia’s 164 million hectares of forests are dominated mainly by eucalypts.
Australia has no native Pinus species, but there are a number of native conifer
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species in the Araucariaceae, Cupressaceae, Podocarpaceae, and Taxodiaceae, in-
cluding economically important species such as hoop pine (Araucaria cunning-
hamii) and cypress pine (Callitris glauca). Over 40,000 ha of A. cunninghamii
plantations have been established in Queensland, while C. glauca is harvested on
a sustainable basis from native stands in New South Wales and Queensland. Other
conifers, such as Huon Pine (Dacrydium franklinii) and King Billy Pine (Athro-
taxis selaginoides) in Tasmania are of considerable conservation importance. The
susceptibility of these native conifers to pine wilt disease is currently unknown.

In Australia, almost 1 million ha of exotic Pinus spp. plantations have been estab-
lished since the 1950s (Parsons et al., 2006), with this area remaining largely static
over the last 10 years. Seventy five percent of the total plantation area is comprised
of Pinus radiata. P. pinaster is grown to a limited extent in plantations in Western
Australia, while P. caribaea var. hondurensis and P. elliottii are used widely in plan-
tations in subtropical and tropical New South Wales and Queensland. P. caribaea
var. hondurensis x P. elliottii hybrid clones have now replaced P. elliottii as the
major taxa used in plantations in southeast Queensland, with about 53,000 ha of
these hybrids now established (Forestry Plantations Queensland, 2006). The forest
plantation industry in Australia in 2006 was worth approximately AUD$18 billion
and employed around 30,000 people directly (Parsons et al., 2006), with approxi-
mately 60% of this value attributable to softwood plantations.

A focus for the softwood industry in both Australia and New Zealand has been
the prevention of introductions of pests and diseases. This strategy has been largely
successful; for example only a handful of significantly impacting insect pests have
been introduced into Australia over the last 50 years, the most important and damag-
ing of which has been the wood wasp Sirex noctilio (Hymenoptera: Siricidae) which
became established in Australia in 1953 (Morgan and Griffith, 1989). In the most
recent outbreak between 1989 and 1992 Sirex caused AUD$12 million of damage.

Interceptions

New Zealand

To date no species of Bursaphelenchus have been detected in New Zealand or
intercepted on goods imported into New Zealand (Sathyapala, 2004). However,
Monochamus spp., the insect vectors of B. xylophilus, have been intercepted on
imported goods in New Zealand on numerous occasions.

Although nematodes are not routinely tested for at the New Zealand border, there
were some targeted examinations of intercepted insect vectors for PWN in 2004 and
2005. These examinations revealed the absence of PWN larvae in insect vectors.
The interceptions records demonstrated that the insect vectors could enter into New
Zealand as hitch hikers. In June 2004, a post border interception of male and female
M. alternatus associated with cardboard packaging was reported. However, no dauer
larvae of PWN were found in the beetles.
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Australia

There have been 12 separate interceptions of Monochamus spp. at Australian ports
since 2000 (B. Crowe, personal communication). Of these, five were interceptions
of M. alternatus and one interception of M. impluviatus, from regions where pine
wilt disease is known to occur. The other six interceptions were of Monochamus
species from countries known to be free of PWD. Three recent interceptions in
Australia associated with possible introductions of this nematode or its vectors are
worthy of further comment. In 2000, an incursion of what was later determined to
be B. hunanensis was recorded in Melbourne (Hodda et al., this volume), while in
Brisbane in May 2001 and June 2005 post-border interceptions of M. alternatus
adults emerging from pallets sourced from China were recorded. The discovery of
Bursaphelenchus nematodes in a dying tree at the Melbourne Botanic gardens in
2000 prompted a successful 2-year eradication campaign in Victoria (Hodda et al.,
this volume) and wider scale surveys for Pinus mortality potentially associated with
nematodes in other states. Responses to the beetle interceptions in Brisbane centred
on locating infested pallets, which were then fumigated and deep buried. Surveys for
pine mortality in areas surrounding the interceptions were carried out and traps with
attractant baits used around the interception sites to detect any remaining beetles for
six to twelve months following the first discoveries. None of these interceptions has
led to the known establishment of the nematode or vector.

The Threat

Potential Economic and Environmental Impacts

New Zealand

The spread of PWD has the potential to have a major impact on New Zealand’s
forestry based industries if B. xylophilus became established in New Zealand. Ninety
five percent of commercial forestry in New Zealand is based on plantations of P. ra-
diata. This industry accounted for approximately three billion New Zealand dollars
of exports in 2006, as well as a domestic market of equivalent size. If biotic and
abiotic factors are as favourable to B. xylophilus in New Zealand as they are in
countries like Japan, where there was vast devastation to Pinus trees, the mortality
rate could be as high as 60%. The economic impact in New Zealand under those
circumstances would cause a direct loss in productivity of plantation forests, and
would create difficulties in exporting logs and timber, especially to countries which
already have quarantine barriers against B. xylophilus.

The devastating impact PWD has had on native conifer forests in Japan, China,
Korea, and Taiwan has led to untreated wood from PWN affected areas being banned
in the European Union and China. Extra heat-treatment for untreated lumber is
required by these importing regions to ensure the wood products are free of liv-
ing nematodes and their beetle vectors. Likewise, if PWN became established in
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New Zealand, countries importing unprocessed P. radiata (e.g. logs, timber, wood
chips) from New Zealand would require the wood to be heat-treated before export
as a phytosanitary measure. The countries most likely to require this extra heat
treatment would be those that do not have, or have restricted distributions of B.
xylophilus, and have significant areas of natural and/or plantation forests of sus-
ceptible Pinus species. Currently, this would include New Zealand’s major forestry
export markets (including Australia, China, Korea and Japan). The extra cost of
heat-treating unprocessed wood products such as logs would substantially reduce
or eliminate the profitability of those products. It is unlikely that any added value
would be gained from such a treatment of logs.

Rapid spread of pine wilt in countries like Japan, China and Korea has destroyed
large areas of pine forests, causing significant changes in their ecosystems. Exten-
sive tree losses due to PWN have created severe impact on erosion control, sand
stabilisation, wind protection, and maintenance of aesthetic value (e.g. Abe and
Tani, 1985). Pinus species within forests impacted by PWD have largely been re-
placed with evergreen broad-leaved trees. This has reduced the species richness and
resulted in changes to the associated flora and fauna in the forest (Fujihara, 1996).

The most aesthetically and culturally significant native conifer species in New
Zealand belong to the Araucariaceae and Podocapaceae families. There are 17
species of these families in New Zealand. It is not known if New Zealand’s endemic
conifer species are susceptible to PWN infection, or if B. xylophilus would have
any impact on the native nematode populations in New Zealand. As these conifer
species have a very high aesthetic value in New Zealand, large losses of trees due to
PWD will have major social, cultural and environmental impacts.

Pine wilt disease could have a direct impact on susceptible exotic species such as
fir (Abies), spruce (Picea), and larch (Larix) grown in urban areas for recreational
and amenity value. High tree mortality of pine and Douglas-fir (Pseudotsuga men-
ziesii) plantations and the large scale removal of diseased trees as control measures
would increase erosion and result in micro—climate modification of affected areas.
Ultimately, adverse impacts on native flora and fauna habitats, indigenous ecosys-
tems and biodiversity could ensue.

Australia

Pinus spp. plantations contribute significantly to the Australian economy (see
Forestry in Australia section). These plantations are particularly important to re-
gional and rural economies, which would be severely impacted on if tree mortality
similar to that caused by PWD in Japan since the 1970s were replicated in Australia.

Aside from local economic impacts, Australia is a net importer of softwood
products and local production is almost exclusively used domestically. Thus, a sig-
nificant reduction in output of forest products from Pinus plantations due to PWD
would mean that more of these products would need to be imported, further eroding
Australia’s balance of trade position in wood products. To illustrate this, Australia
ran a trade deficit in forest products of $2.0 billion in 2004-05, and produced just
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under 90% of its sawn timber needs, of which 73% was derived from softwood
plantations (Australia Yearbook, 2007).

Less is known regarding possible environmental effects of establishment of
B. xylophilus in Australia. The susceptibility of native conifers to infection by the
nematode or to maturation feeding by Monochamus spp. vectors is untested. How-
ever, based on the experience of those countries where PWD has been introduced, it
has been almost entirely Pinus species that have been affected and it could be argued
that this would most likely be the case in Australia should an introduction occur.
Pinus spp. are common urban and amenity trees, especially in temperate Australia,
and many species are widely used in agriculture as windbreaks. Wider environmen-
tal effects would therefore be likely to be more minor than the severe economic
effects that could be expected. As outlined above for New Zealand, environmental
side effects of widespread tree mortality in plantations could lead to increased soil
erosion, run-off, and decreased water quality in streams and reservoirs near these
plantations.

Likelihood of Entry on Pathways

The pest risk analysis conducted by MAF Biosecurity Authority, New Zealand in
2004 identified that the most likely pathway for the introduction of PWN into
New Zealand would be through an importation of untreated forest products pro-
duced from host tree species harvested from PWN infested forests. This includes
untreated solid wood packaging material, logs, poles, piles, rounds and sleepers and
sawn wood.

Around 95% of the Monochamus spp. (vectors of PWN) intercepted on material
imported into New Zealand was on wood packaging material. The likelihood of
entry of adult beetles carrying dauer larvae of PWN is very high when imports
are from countries where PWN is present and widespread. Currently, the majority
of imported wood packaging material arrives in New Zealand in containers from
Australia and countries in South East Asia. Projected future trade patterns indicate
an increase in the importation of wooden packaging material from China, Hong
Kong and Taiwan. It is possible, however, that much of this wood packaging material
could originate from North America.

Poles, piles, rounds, and sleepers (logs) include any wood pieces larger that
300 mm in minimum thickness (cross-section). Monochamus spp. preferentially
oviposit in the bark of freshly cut trees and trees damaged by other biotic and abi-
otic factors. The removal of bark from harvested trees reduces survival of beetles
but, if the larvae enter the wood before the debarking process, they could develop
to the adult stage. Logs imported into New Zealand are required to be debarked,
but none of the chemical/heat or fumigation treatments are mandatory for many of
the PWN host species. A high temperature heat treatment is required for logs from
Pinus species and Douglas fir (70 °C for 4 hours). Upon arrival to New Zealand,
only 10% of untreated logs are visually inspected for pest and diseases. Visual
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inspection of logs is very unlikely to detect microscopic PWN. However, larvae
of Monochamus spp. may be found from evidence of tunnelling. Thus, logs may
act as a pathway for entry of PWN, but are less likely to be an entry pathway for
Monochamus spp.

The probability of Monochamus spp. and PWN being present in sawn wood
(wood sawn longitudinally, with or without its natural rounded surface, without bark
and no larger than 300 mm in thickness) is similar to that in untreated logs. Although
the processing method of sawing could reduce the Monochamus spp. survival, some
larvae could survive the process and continue to live in the sawn wood.

The majority of the wood from conifer tree species imported into New Zealand or
Australia originates in the USA and Canada, where B. xylophilus and Monochamus
spp. are endemic. However, Thuja plicata, the main species of sawn wood (com-
prising 95% of imported softwood) is not known to be a host of either B. xylophilus
or Monochamus spp. (Evans et al., 1996).

New Zealand’s current import requirements for sawn timber of Pinus species
originating from areas considered by the MAF not to be free of Fusarium circinatum
(Pitch Canker disease) require mandatory heat treatment to 70 °C (core temperature)
for 4 hours. Taking into account the current phytosanitary measures, the overall like-
lihood of entry of Monochamus spp. and PWN by sawn wood or logs is considered
negligible.

Likelihood of Establishment

It is known that transmission of B. xylophilus to new host trees is primarily me-
diated by the insect vector Monochamus spp. during their maturation feeding or
oviposition. Generally, adult Monochamus spp. have a short dispersal range of a few
hundred metres, but they can fly up to 3 km depending on the availability of trees
on which they feed and oviposit (Kobayashi et al., 1984). If B. xylophilus enters
Australia or New Zealand with Monochamus spp. in wood packaging for instance,
and is transferred to an area close to a forest or a saw mill, there is a high likelihood
the nematode will be transferred to a host tree.

Several beetle species have the potential to provide a phoretic vehicle for B. xy-
lophilus (Mamiya, 1984). None of the reported insect vectors of the Cerambycidae
genera have been recorded as established in Australia or New Zealand. Absence
of the Monochamus spp. and other likely insect vectors of PWN in these countries
reduce the probability of direct transfer of B. xylophilus to the host trees. Hosking
et al. (1989) reported that New Zealand does not have any suitable native insect vec-
tor species. However, possible transmission of B. xylophilus by native New Zealand
insect species has not been studied extensively. Hence, it is not known to what ex-
tent local native and exotic insects could act as a vector of PWN in New Zealand.
The most likely candidates are the cerambycids e.g. Hexatricha pulverulenta and
Arhopalus ferus, which are both abundant in New Zealand. The risk of PWN be-
coming established in Australia or New Zealand appears to be dependent therefore
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upon the establishment of Monochamus spp. or other suitable insect vectors, either
prior to, or in conjunction with, the introduction of B. xylophilus.

If B. xylophilus were to establish in Australia or New Zealand, it could be ex-
pected to spread rapidly throughout the country where host trees are existing, but
only if a suitable insect vector is available. Other non-vector means of spread would
be isolated localised occurrences as insect vectors are essential for the dispersal of
the nematode. The rapid spread of the Sirex wood wasp (Sirex noctilio) within Aus-
tralia since the 1950s is a model for the potential spread of PWN through plantation
and other host trees in the landscape via an efficient insect vector.

Suitability of Environmental Conditions

Bursaphelenchus xylophilus is endemic in the southern states of Canada, possibly
up to 60° latitude, but PWD is rarely expressed north of 40° latitude. Temperature
appears to be more limiting to the pathogenicity of the disease than the survival of
the nematode. The geographic range of vector beetles will also affect the survival of
B. xylophilus because without a vector the nematode would not survive. According
to Braasch and Enzian (2004), the potential development of PWD is predicted to be
extremely high when long term mean summer temperature is more than 25 °C and
long term annual rainfall is less than 600 mm. Conversely, the expected development
of PWD would be low at temperatures less then 18 °C and where annual rainfall is
more than 600 mm.

The mean summer temperature across the country does not exceed 19 °C in New
Zealand. This includes areas with annual rainfall of less than 600 mm. Only in the
most northern areas of the North Island do mean February (the warmest month)
temperatures exceed 20 °C (20.3 °C). However, this area is unlikely to show exten-
sive pine wilt symptoms in the event of establishment of PWN since the annual
rainfall is greater than 600 mm. In Australia, the mean summer temperature exceeds
18 °C over much of the continent, excluding Tasmania, southern Victoria, the lower
southeast of South Australia and at higher altitudes along the east coast. Most major
pine growing areas in Australia have mean annual rainfall that exceeds 600 mm;
however, rainfall in Australia is highly variable and droughts are frequent. Trends
to decreased rainfall over the past 50 years have been observed in south-eastern and
south-western Australia as well as south-eastern Queensland and current climate
models predict that these trends will worsen by 2030 (CSIRO, 2007). Conditions
are thus likely to become more favourable for PWN development over much of the
existing Pinus plantation estate in Australia.

Likelihood of Spread

When evaluating the potential threat that the pinewood nematode poses in Australia
and New Zealand it is essential that we know, firstly, the likelihood of the vector
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prospering if introduced, and, secondly, the susceptibility of the Pinus taxa to the
nematode.

To evaluate the first of these factors, two simple indices were developed in
Japan to assess the risk of severe infestations of the beetle-nematode association.
These are the flight index (FI), which is the number of days per year where the
maximum temperature is greater than 18 °C and rainfall is less than 10 mm, and
the Monochamus/Bursaphelenchus (MB) index, which is the annual summation of
residues of mean monthly temperature greater than 15°C (Taketani et al., 1975;
Kishi, 1995). If the beetle and vector are both present, severe infestations can be
expected when the flight index exceeds 80 days or where the MB index exceeds
40. When representative temperature and rainfall data (1999-2000) for Brisbane in
southeast Queensland were used in these indices they both far exceeded the critical
values (mean FI = 330, mean MB = 61). This would indicate that, if vector and
nematode became established in the presence of susceptible hosts, severe outbreaks
could be expected in southeast Queensland (Lawson unpublished data). Calculat-
ing the MB index for other major locations in Australia using long-term (1961-
1990) temperature data (Australia Bureau of Meteorology) indicated that Sydney
(MB = 43) and Perth (MB = 45) both exceeded the index value that would indicate
that severe outbreaks could be expected. Melbourne and Hobart (MB = 22 and 5,
respectively) had much lower index values, as did Mount Gambier (MB = 11) at
the heart of plantations in the Green Triangle region. In the tropics, Melville Island
(Northern Territory) and Cardwell (Queensland) had expectedly high MB index val-
ues of 148 and 111, respectively. Conditions are therefore more favourable for the
spread of PWD from central New South Wales northwards and in south-western
Western Australia.

Management

The establishment of PWN in New Zealand and Australia is mainly dependent on
the availability of a suitable insect vector. Therefore, the primary focus of any further
measures for possible pathways of entry is to mitigate the risk of entry of insect
vectors of PWN in to each country to an appropriate level. As Monochamus spp.
are poor colonisers of new territories, the likelihood of Monochamus spp. becom-
ing established in New Zealand and Australia is considered low with the current
phytosanitary measures in place for imported host material. If established by other
non-vector methods however, B. xylophilus would only cause isolated occurrences
of PWD.

Surveillance for Monochamus spp. in high risk areas such as ports, sites pro-
cessing containers, timber yards, and parks and nurseries, is considered essential
for the early identification of the presence of pathogenic Bursaphelenchus spp.
in New Zealand and Australia. The surveillance for Monochamus spp. could be
included in a wood boring bark beetle surveillance system for high risk sites.
Early detection of Monochamus spp. is essential in preventing the establishment
of PWN.
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Susceptibility of Exotic Pinus spp. in Australia and New Zealand

Current Knowledge

Since the first outbreaks of pine wilt disease in Japan in the early 1900s and the
significant expansion of damage to pines that has occurred there from the 1970s
onward, much data has been accumulated on the relative susceptibility of Pinus
spp. and other conifers to B. xylophilus (e.g. Kishi, 1995; Evans et al., 1996). Pinus
spp. that have co-evolved with the nematode in its endemic range in North America
have generally shown high levels of resistance under normal climatic conditions
and in the absence of other predisposing pests or diseases. Introductions of the ne-
matode outside its endemic range (i.e. Japan, Korea, Taiwan, China, and Portugal)
have shown that Pinus spp. in these areas have not evolved tolerance or resis-
tance to the nematode despite the presence of other Bursaphelenchus spp. (such as
B. mucronatus) in these regions.

Of the exotic pine species introduced to Australia and New Zealand, two of the
dominant species planted, P. radiata and P. elliottii, both originated from North
America within the known range of B. xylophilus: P. radiata from a limited natural
distribution on the west coast of the U.S.A and P. elliottii from the south-eastern
U.S.A. The other dominant species of interest in Australia, P. caribaea var. hon-
durensis, occurs in the eastern half of Central America south-east from the Yucatin
peninsula and in published maps of the distribution of B. xylophilus (CABI/EPPO,
1999) its range lies somewhat outside of the natural range of the nematode. Evans
et al. (1996) in their Pest Risk Analysis of B. xylophilus for the European Union
categorised 56 Pinus taxa according to their susceptibility to the nematode: they
listed P. elliottii as resistant and P. radiata and P. caribaea var. hondurensis being
of intermediate resistance, with the caveat that such lists should be treated with
caution because of conflicting records of resistance from different studies. An ex-
ample is Furuno et al. (1993) who assessed species susceptibility by examining
nematode-induced mortality of a range of exotic (to Japan) Pinus species planted
in and around Kyoto. In contrast to Evans et al. (1996), they described P. radi-
ata as being highly susceptible, with most species from western North America
showing some degree of susceptibility while those from the east were almost all
resistant. In most cases, disagreement over the susceptibility status of a species
arise from the differing ages at which trees have been assessed, with mortality
of older, mature trees considered a more accurate measure of susceptibility than
seedlings or younger trees. Illustrating this point is a study by Dwinell (1985) that
showed very high susceptibility of 3-year old seedlings of P. elliottii to inoculation
with B. xylophilus, while other studies such as those used by Evans et al. (1996)
and Furuno et al. (1993) indicated that this species is resistant after testing more
mature trees.

The abovementioned studies indicate there is sufficient variability and uncer-
tainty in the susceptibility assessments of the major pine plantation species grown
in Australia and New Zealand to warrant further research to better define the risk
that B. xylophilus poses to these species in Australia and New Zealand.
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The Need for Screening

Apart from uncertainty in the susceptibility rating of the major plantation Pinus
species in New Zealand and Australia, there are other factors that suggest that
more intensive screening of these species against B. xylophilus should be carried
out to further define the potential risk to plantations that establishment of the ne-
matode would pose. In addition, planting of resistant genotypes should be proac-
tively promoted as an insurance against possible nematode establishment in the
future. For example, plantation Pinus spp. in Australia and New Zealand have now
had over 50 years of intensive genetic improvement that has maximised growth
rates and improved adaptation of germplasm to local environmental and plantation
management conditions. It is known for other tree species, such as eucalypts, that
genetic selection for long periods in the absence of pests and diseases can lead
to a break down in tolerance or resistance mechanisms e.g. Dungey et al. (1997).
At present, risk assessment for these key Pinus taxa has been based solely on as-
sessments overseas on genotypes that are now many generations of breeding re-
moved from the germplasm that is currently being used in commercial operational
plantings in Australia and New Zealand. Until this currently utilised germplasm is
screened for resistance/tolerance to PWN, the level of uncertainty about PWD risk
will remain high.

Preliminary Screening of Queensland Plantation Taxa 2003

As outlined in the Current Knowledge section, considerable variation exists in re-
sults of studies that have assessed the resistance of various Pinus taxa to PWN
around the world. Of the two natural species grown in Queensland, P. elliottii is
considered resistant while P. c. var. hondurensis is thought to be of intermediate
resistance, although because the latter species natural range lies outside that of B. xy-
lophilus it may not have had the opportunity to co-evolve resistance to the nematode.
A complicating factor is that considerable progress has been made in Queensland
in the development and use in plantations of F; and F, hybrids of P. elliottii and
P. c. var. hondurensis since 1996. The literature on the effect of hybridisation of
tree species on pest and disease resistance is inconclusive, with the full range of
effects from increased susceptibility to enhanced resistance being observed. Fritz
et al. (1999), in a review of resistance of hybrids to pests, diseases and parasites
found a trend towards an increased susceptibility of hybrid plants. In the case of the
four Pinus hybrids reviewed, three inherited susceptibility to an insect pest through a
parent, and one was susceptible in its own right. This indicates that even if we could
be confident of the susceptibility of the parent species, we cannot be confident of
the susceptibility of the hybrid progeny.

To address this gap in our knowledge and the difficulty it poses for formulating
eradication plans for potential incursions and management, a research program was
developed with the Forestry & Forest Products Research Institute of Japan to test the
susceptibility to PWN of 12-month old seedlings/cuttings of P. elliottii (PEE), P. c.
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var. hondurensis (PCH), and five F; & one F, hybrid clones of these two species.
The six clones tested were those that were commonly being used in operational
plantings in southeast Queensland at that time. These taxa were also tested for their
potential susceptibility to the less pathogenic Eurasian species B. mucronatus for
comparative purposes.

Planting Material

One-year old seedlings and cuttings of the eight taxa to be tested were shipped (bare-
rooted, in compliance with phytosanitary requirements) to Japan in May and June
2003. Numbers of each taxon shipped varied according to availability in nurseries at
the time, but ranged from 30 (for hybrid clones) to approximately 100 (PCH). More
plants of the two distinct species were available than any of the hybrid clones and
were at a more advanced stage of growth, especially in the case of PCH cuttings.
Survival of plants during transit was very high.

Methods

After arrival in Japan and clearance through quarantine, plants were transplanted into
a field nursery at the Forestry and Forest Products Research Institute, Tsukuba, wa-
tered regularly and their health condition assessed weekly. Plants were transplanted
as blocks of single taxa, three rows wide with spacing of approx. 0.5 m between
rows and 30 cm within rows. Blocks of these taxa were isolated from each other
by 0.5 m. Approximately 1 month after transplanting, each plant was randomly as-
signed to one of three inoculum treatments: 10,000 dispersal stage nematodes of
B. xylophilus (strain Ka-4, one of the most virulent strains) or B. mucronatus in aque-
ous suspension (0.05 ml), or the same volume of distilled water as controls. Plants
were inoculated on 25 July 2003 using the incision method (Kosaka et al., 2001),
whereby a small cut was made into the phloem and the nematode or control solution
injected immediately with a micropipette. Condition of plants was assessed three
times post-inoculation, at 37, 82 and 110 days to obtain progression of mortality.

Results and Discussion

Results of inoculations are shown in Table 1. None of the eight taxa assessed showed
significant susceptibility to B. mucronatus. This nematode is of Eurasian origin and
so PEE and PCH could not have directly co-evolved natural resistance to it. It is thus
suggested that co-evolution of PEE and PCH with PWN may also confer resistance
or tolerance to the less virulent B. mucronatus. Of the two parent species tested,
PEE showed the highest susceptibility to PWN, with PCH showing only a small,
non-significant elevation in mortality of PWN-inoculated plants above the controls.
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Table 1 Percent mortality of 12 month old Pinus taxa 112 days post-inoculation with 10,000 dis-
persal stage B. xylophilus (Ka-4 strain), B. mucronatus or with distilled water control. Mortalities
followed by different letters across rows differ significantly at P < 0.05 level (Chi-squared pairwise
comparison)

Taxa/Clone Control B. mucronatus B. xylophilus Susceptibility
PCH 24 a 20 a 35a -

PEE 6a 9a 94 b ++

Clone A (F,) Oa 6a 18a —

Clone B (Fy) 33a 33a 50a —

Clone C (Fy) 19 a 19a 56b +

Clone D (Fy) 25a 0b 57 a —

Clone E (Fy) 40 a 44 a 60 a -

Clone F (Fy) 14a 14a 86 b ++

Pooled Clones 19a 18a 53b +

This result is in agreement with other studies cited above that indicate PEE seedlings
(if not more mature trees) are susceptible to PWN. The present study did not test
susceptibility of older material.

Hybrids between PEE and PCH showed wide variation in their susceptibility to
PWN, with two of the six taxa tested (clones C and F) showing significantly higher
mortality than the control treatment. Clone F was the more susceptible of the two,
exhibiting 86% mortality of plants inoculated, almost as high as that exhibited by
PEE. Clone A, the only F, hybrid tested, showed the lowest mortality in relation
to inoculation with PWN. The remaining clones inoculated with PWN exhibited
elevated mortality compared to controls, but, due to their generally poor condition
when inoculated (due to transportation and replanting), control mortality was also
higher than expected. As a group, the clones displayed significantly higher mortality
when inoculated with PWN than the controls. The results may therefore underesti-
mate the susceptibility of clones to PWN.

Parentage of clones is shown in Table 2. It can be seen that the two clones that
showed significantly higher mortality due to PWN inoculation, C and F, shared the
same PEE parent (designated EA here) but had different PCH parents (designated
CD and CE, respectively). Clones B and E, which did not show significantly higher
mortality due to PWN also shared the same PEE parent (EA) but again had different
PCH parents (CB and CA, respectively). Clone D did not share a parent with any

Table 2 Parentage of clones use in inoculation trials. Letter combinations refer to individual par-
ents. See the text for further explanation

Clone P. elliottii parent P. caribaea parent
A (EE x CA) (ED x CF)

B EA CB

C EA CDa

D EB cC

E EA CA

F EA CEa
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other clone. These results suggest that variability in susceptibility to PWN may be
more strongly inherited through the PCH parent than through the PEE parent. The
parentage of the F, hybrid (clone A) is more complicated, but it does share one of
its PCH parents with clone E, which also did not show susceptibility to PWN.

These results indicate that future proactive clonal breeding programs seeking
to maximise tolerance of the PEE x PCH hybrid to PWN should concentrate on
identifying the PCH parent material that is associated with increased levels of tol-
erance/resistance, rather than on the PEE parents which were shown here to have
less influence. Results from this preliminary study also illustrate the limitations in
screening young (1-2 year-old) plants when the ultimate aim is to determine the sus-
ceptibility of older trees. Very high susceptibility of young PEE seedlings confirmed
the results of earlier studies with this species, although it has been established that
healthy older trees are highly resistant (Dwinell, 1985).

Further Taxa Screening

Screening studies of young material such as this can therefore produce false pos-
itives (i.e. plants appear to be susceptible when they are not), but it has not been
established if false negatives (i.e. plants seem resistant when they are not) also occur
in studies of this kind. Preferably, field inoculations of older material should be used
to corroborate results from screening of young plants. Even so, there are limitations
to this approach: for Australia and New Zealand, within-country inoculations of
older trees are not possible due to quarantine considerations. Even if this were pos-
sible, such a screening program would necessarily lag behind material being used
in breeding programs.

There is therefore a demonstrated need to develop molecular, physiological or
anatomical markers that can be used to identify PWN resistance early in tree breed-
ing cycles and to characterise the current plantation resource in terms of its sus-
ceptibility and therefore the risk that PWD poses. Kuroda (2006, this volume) has
shown that lower numbers of nematodes occur in the xylem of resistant P. densiflora
Siebold & Zucc. cultivars and that there are consistent differences between resistant
and susceptible cultivars in the size and number of resin canals in the xylem, with
resistant cultivars having a lower number of smaller sized resin canals than suscep-
tible cultivars. These anatomical characters may be a promising avenue to attempt
to screen the resistance status of the current Pinus plantation resource in Australia
and New Zealand.

Quarantine and Surveillance

Pathways

Strong quarantine and surveillance pre-border, border and post-border remains the
most important means of excluding PWD from Australia and New Zealand. Both
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countries maintain strong quarantine inspection regimes, but it is becoming more
difficult to maintain effective inspection rates of all at-risk material as the volume
of world trade is increasing. With recent and ongoing liberalisation of world trade
and the subsequent increase in trade volume, there has been a shift to identifying
high risk pathways and regulating these so as to minimise the risk of invasive
species spreading. This risk minimisation is being carried out in association with
the design and implementation of early detection/rapid response systems to detect
those incursions that elude pathway controls. This latter strategy also addresses the
fact that exotic incursions are difficult to detect in the wider environment (such as
plantations) before their numbers and distribution have increased enough to make
an eradication campaign either very expensive and/or with a low probability of
success.

The highest risk pathway for the introduction of PWD is via timber packaging
and dunnage, and a new set of international rules covering treatment and certi-
fication of timber packaging, ISPM-15 (FAO, 2006), has now been implemented
since 2006. If compliance with ISPM-15 can be maintained, risk of introduction of
nematode-carrying insect vectors (i.e. Monochamus spp.) from infested areas should
be significantly reduced. However, there has been at least one example in Australia
where Monochamus beetles carrying Bursaphelenchus sp. have emerged from pallet
material that was stamped as ISPM-15 compliant, so there are still manifest risks
associated with this system due to poor or non-compliance.

Early Detection/Rapid Response

Extensive forest health surveys are still an effective means of delimiting and scoping
the extent of damage by forest pests and diseases, but they are of more limited
usefulness in detecting low level, incipient populations of exotic introductions (see
Wardlaw et al., in press). By the time that forest health surveys detect exotic incur-
sions, the pest is often well-established and the chances of an eradication program
being successful are significantly reduced. Early Detection and Rapid Response
(EDRR) systems are increasingly being seen as a more effective method of prevent-
ing establishment of invasive pests of forestry and enabling effective eradication
responses when pests are detected. Early detection is usually targeted on hazard
sites where the risk of entry of quarantinable organisms is high, such as sea and air
ports, and associated cargo unloading facilities that are often located in suburban
areas.

In the case of PWD, kairomone attractant lures (based on ethanol and a-pinene)
and intercept traps are available that are effective in trapping Monochamus spp.
vectors with a relatively high degree of sensitivity, and these are currently being
used in a pilot study in some ports and hazard sites in Australia. Similar systems
have been trialled in New Zealand (Brockerhoff et al., 2006) and are being used
operationally in the U.S.A and Canada (Sweeney et al., 2007; Duerr, 2005). Real-
time molecular diagnostic tools for PWN are now also being developed that will
enable rapid identification of B. xylophilus for quarantine and pest risk assessment
purposes (see Francois et al., 2007).
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Conclusions

1. Potential pathways (via timber packaging and lumber) exist for the entry of
pine wilt nematode via its vector, Monochamus spp. cerambycid beetles, into
Australia and New Zealand and a number of interceptions of potential vectors
have been made. Determination of the likely vector status of candidate insects
established in or native to New Zealand and Australia is needed.

2. While establishment is considered unlikely (especially since both countries have
no known efficient vectors), favourable environmental conditions exist for the
establishment and spread of Monochamus spp. beetles and PWN in both coun-
tries, with the thermal requirements more favourable in Australia than in New
Zealand.

3. Should an introduction occur, considerable uncertainty exists in regard to the
susceptibility of the Pinus taxa currently being grown in these two countries.
Therefore, there is a need for extensive screening of current and future Pinus
planting stock to test for susceptibility to B. xylophilus. Testing of native conifer
species is also highly desirable. Results from preliminary screening of taxa used
in plantations in Queensland has underlined the need for the development of
robust molecular or physiological markers that would assist in enabling rapid
within-country screening for resistance.

4. Strong pre-border, border, and post-border quarantine and surveillance needs to
be maintained to prevent introductions of vector and nematode. In particular,
further development and refinement of hazard site surveillance systems is seen
as an effective and sensitive method for early detection of incursions of the
vector, increasing the likelihood that should an introduction occur, it could be
successfully eradicated.
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Pine Wilt Disease: A Threat to Pine Forests
in Turkey?

Siileyman Akbulut, Besir Yiiksel, Ismail Baysal, Paulo Vieira
and Manuel Mota

Abstract The pinewood nematode (PWN), is the causal agent of pine wilt disease,
and constitute one of the most important pathogens of conifer forests. In 1999, this
nematode was found and identified for the first time in Portugal and in Europe.
The detection of this quarantine pest in Portugal has prompted the need to know
more about the distribution of Bursaphelenchus spp. in coniferous trees in Europe
in order to describe the geographic range of the species and to act quickly in case
of the nematode’s unwanted introduction into other European regions. Pine forest
has a wide distribution in Turkey, which increases the number of susceptible host
trees for the PWN. Because of these reasons, some regions of Turkey were surveyed
for the presence of the nematode. Three different species of Bursaphelenchus were
found, however, B. xylophilus was not detected. The detection of B. mucronatus,
very similar to B. xylophilus biologically and morphologically, is very important.
The presence of this species indicates that B. xylophilus could spread easily into
the conifer forests of Turkey. Biological characteristics of M. galloprovincialis were
compared with M. carolinensis, the North American insect vector, and some of them
were found to be similar.

Introduction

The pinewood nematode (PWN), Bursaphelenchus xylophilus, causes serious dam-
age to pine forests in Japan and China (Mamiya, 1988). It has spread through Taiwan
and Korea as well (Mamiya, 1998). Recently, the nematode was isolated from Pi-
nus pinaster (maritime pine) wood in Portugal for the first time in Europe (Mota
et al., 1999). The detection of this Al quarantine organism (EPPO/European Plant
Protection Organization) in one of the member states of the European Union (EU)
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forced the implementation of specific measures to control and eradicate this nema-
tode and its insect vector from the affected area and to conduct surveys to confirm
the absence of the PWN in pine forests of all EU member countries. Turkey, as a
member of EPPO, follows the phytosanitary regulations for quarantine organisms
in Europe.

Turkey is in an important transitional geographic area between Europe and Asia,
which may potentially increase the possibility of inadvertent introduction of the
PWN from infested regions such as East Asia. Because of increasing global trade,
exportation and importation of wood products among countries increases the threat
of pine wilt disease to uninfested regions of the world. Turkey imports wood prod-
ucts from different countries every year. Consequently, the possible introduction of
the PWN and other exotic pests is a constant threat to the country.

The presence and distribution of Bursaphelenchus species in Turkey is poorly
known, and limited to the first report of the genus by Vieira et al. (2003), and by the
occurrence of B. mucronatus by Akbulut et al. (2006). There are several reasons to
conduct and develop studies related to the potential of pine wilt disease establish-
ment in Turkey. One is geographic location, since most of the trade routes between
Asia and Europe pass through Turkey which may increase a possible introduction
of non indigenous pests.

Secondly, the total forest area covers about 27% of the country’s total land
(21 million ha) (Fig. 1) (Anonymous, 2006a). Conifer species (pure stands) cover
54% of this total land (Fig. 2). In Turkey, there are three widely distributed native
pine species; Pinus brutia, P. nigra and P. sylvestris. They cover an area of almost
10.9 million ha of the country’s territory. This wide distribution of pine species in
Turkey increases the number of susceptible host trees for the PWN. Despite the

Fig. 1 Forest sites of Turkey (www.ogm.gov.tr)
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Fig. 2 Distribution of forest types in Turkey

richness of the forest area, Turkey has to import industrial wood from different
countries every year to cover the gap between supply and demand (Fig. 3).

The third reason for survey is the presence of at least one Monochamus species,
M. galloprovincialis, in Turkey. It has been previously reported from a number of
different sites within the country (Canak¢ioglu and Mol, 1998; Ozdikmen et al.,
2005). These studies provide only information on general distribution and some
morphological characters of the beetle. The pine sawyer beetle, M. galloprovincialis
was found to be the vector of the PWN in Portugal (Sousa et al., 2001). According to
Hellrigl (1971), five species of Monochamus occur in Europe; M. galloprovincialis,
M. sartor, M. sutor, M. urussovi and M. saltuarius. Other Monochamus species re-
ported in Europe (Hellrigl, 1971) have not been found in Turkey yet.

Detailed biology and ecology of M. galloprovincialis in Turkey were unknown.
Recently, several studies on the biology and ecology of M. galloprovincialis have
been conducted. These studies suggested that both P. sylvestris and P. nigra are suit-
able hosts for the development of the beetle (unpublished data). This result indicates
that P. sylvestris and P. nigra stands, located in different regions of Turkey, may in-
crease the chance of rapid growth of the PWN’s populations in case of introduction.

[ Russia
[ Scandinavian and Balt countries

African countries

20%
Fig. 3 Wood imported countries (DPT, 2001)
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Fig. 4 Annual mean temperature distribution in different parts of Turkey (www.meteor.gov.tr,
2006b)

The other reason to study pine wilt disease is the presence of highly suitable
climatic conditions for the development of the PWN in Turkey. Distribution of
annual mean temperature values is presented in Fig. 4. Annual mean temperature
was over 12°C between 1928 and 2005. The temperature is over 20 °C between
June and September in most parts of Turkey particularly in south and west Anatolia
(Anonymous, 2006b).

High temperature (over 20 °C) is important for the development of pine wilt
disease. The absence of disease in Europe (except for the recent introduction in
Portugal) may be related to the relative absence of large forest areas located in hot re-
gions (Webster, 2004). Most of the P. sylvestris forests are distributed throughout the
cooler northern part of Europe. Braasch and Enzian (2004) stated that temperatures
greater than 20 °C for at least an 8-week period increases the number of vulnerable
pine trees to the PWN. These climatic conditions are always present in most parts
of Turkey.

A survey of B. xylophilus was initiated in 2003 in Turkey, in view of the consid-
erations presented. The survey has not been completed yet. In addition to survey,
the potential insect vector species of the nematode have also been investigated.

Studies Conducted Between 2003 and 2006 in Turkey

The pine wilt disease complex involves three organisms: the nematode
(B. xylophilus); the insect vector, in general a Monochamus species; and a tree host,
mostly a pine species (genus Pinus). Therefore, these three organisms and their
interactions must be studied. In Turkey, the first step was to conduct a survey for the
presence of the PWN in pine forests. The second step was to find potential insect
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vectors and to investigate their biological and ecological characteristics. The third
step was to carry out different experiments based on the results of the nematode
survey and insect vector studies.

Survey of Bursaphelenchus Species

Materials and Methods

A survey was conducted between 2003 and 2006 in 11 different Regional Forestry
Directorates (Ankara, Artvin, Bolu, Istanbul, Amasya, Trabzon, Canakkale, Bursa,
Balikesir, Izmir and Mersin) between 2003 and 2006. Selection of these sites was
decided according to the following criteria: 1. forests adjacent to harbors; 2. forests
adjacent to wood industry centers; and 3. forests in which wilting of trees was ob-
served. Wood samples (40-80 g each) were collected from pine trees displaying
declining symptoms, at 1.5 m of the trunk level (DBH), using a Pressler borer, from
both sides of each tree, and stored in polythene bags. Nematodes were extracted
using a modified Baermann funnel technique, and processed within 48 h. The col-
lected nematodes were inoculated on Botrytis cinerea, growing in malt agar, and
incubated for 2 weeks at 25 °C.

For nematode identification, special attention was given to the group of species
closely similar to B. xylophilus (xylophilus-group sensu Ryss et al., 2005). Iden-
tification was made to species level, using morphological and molecular method-
ologies. For optical microscopic studies (Olympus BX50), nematodes were fixed
with hot formalin (4%), processed to anhydrous glycerin and mounted on perma-
nent slides according to the “express technique” described by Ryss (2003). The
molecular analysis was performed following the methodology described in Cenis
(1993) for DNA extraction, and the ITS-RFLP profiles were obtained following the
methodology previously described (Hoyer et al., 1998; Mota et al., 1999).

Results and Discussions

A total of 1254 samples were collected from the study sites. Over 400 samples
have been processed and the nematodes identified. The remaining samples have
been checked for the presence of Bursaphelenchus species. Some of them revealed
several Bursaphelenchus species (Table 1). Eighteen of 400 samples contained Bur-
saphelenchus species. Three species of Bursaphelenchus were identified: B. mu-
cronatus Mamiya and Enda, 1979 from Pinus nigra, P. sylvestris, B. pinophilus
Brzeski and Baujard, 1997 from P. nigra and B. sexdentati Riihm, 1960 from
P. pinaster. B. mucronatus was found in the areas of Artvin and Diizce, B. sexdentati
was recorded from Diizce and Ankara, and B. pinophilus distributed only in Ankara.
The identification of Bursaphelenchus species found in other cities has not yet been
completed.

This survey is important to provide information on Bursaphelenchus species
from Turkey. The presence of B. mucronatus, a closely related species to
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Table 1 Bursaphelenchus survey results between 2003 and 2006 in Turkey

Name of Regional Tree Species No. of samples No. of samples with
Forestry Directorate collected Bursaphelenchus
species
Artvin P. sylvestris 66 6
Trabzon P. sylvestris, Picea 80 1
orientalis
Amasya P sylvestris, 71 -
(Samsun) P. nigra, P. brutia
Ankara P. nigra 30 3
Istanbul P. nigra, P. 46 -
sylvestris
Bolu (Diizce) P. sylvestris, 74 8
P. nigra,
P. pinaster
Bursa P. brutia, P. nigra, 200 -
P. pinaster
Balikesir P. brutia, P. nigra 213 ?
Canakkale P. brutia, P. nigra, 166 —
P. pinaster
Izmir P. brutia, P. nigra, 177 ?
P. pinea
Mersin P. brutia 131 ?

B. xylophilus, is very important, since it indicates that Turkey has suitable conditions
for the establishment and development of B. xylophilus populations. The survey of
the PWN has not been completed yet. The remaining regions, located in the south
and western parts of Turkey will be surveyed in the coming years.

Comparison of Some Biological Characteristics of M. carolinensis
and M. galloprovincialis

Materials and Methods

In this study, colony data of M. carolinensis reared on P. banksiana Lamb. and
colony data of M. galloprovincialis reared on P. sylvestris L. were used. Data col-
lections were made at different time periods. Comparisons were made between the
number of eggs laid, the number of larval entry holes, the number of adults emerged,
generation survivorship, survivorship from egg to larva, and survivorship from larva
to adult.

Results and Discussions

A total of 27 trees from P. banksiana and 23 from P. sylvestris were used to compare
the beetles. Log surface area and log volume averaged approximately 2000 cm?
and 7100 cm® respectively for P. sylvestris. P. banksiana had a lower values for
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Table 2 Summary statistics of holding time, log metrics, numbers of eggs laid, laval entry holes,
adult emerged and survivorship percentages for M. galloprovincialis and M. carolinensis

Variable N Mean
M.g. M. galloprovincialis M. carolinensis
M.c. (Akbulut et al.,
2004)
Holding time (d) 23 27 10+5 11+£5
Log area (cm?) 23 27 2046 £ 618.8 1504.0 £ 152.2
Log volume (cm?) 23 27 7109.7 £ 4476.4 4548.0 £905.5
No. eggs laid 23 27 74 + 38 127 £ 61
No. larval entry holes 23 27 13£3 19+6
No. adult emerged 23 27 742 8+4
Generation survivorship % 23 27 13+5 12+ 15
Apparent survivorship (Larvae 23 27 2247 21£6
to adult %)
Apparent survivorship (Larvae 23 27 56 £ 14 41+19
to adult %)
Adult density (Adults/dm®) 23 27 1+1 2+1

both variables (Table 2). M. carolinensis laid significantly more eggs and produced
significantly more larval entry holes than M. galloprovincialis (p = 0.0011, p =
0.0001). On the other hand, apparent survivorship from larva to adult was signifi-
cantly greater for M. galloprovincialis than for M. carolinensis (p = 0.0026), and
the number of adults emerged and generation survivorship did not differ signifi-
cantly between the two beetle species (p = 0.4558, p = 0.8264).

In this study, we wanted to examine and compare the life histories of the two
vector beetles of the PWN. Although the two species were reared on different host
trees, there are remarkable similarities in some biological characteristics of both
vectors that suggest that M. galloprovincialis would have a similar vector pattern as
M. carolinensis. This is important to note, considering the potential threat of pine
wilt disease to native European pine forests, and the rich body of knowledge already
gathered on M. carolinensis.

Since the first report of the PWN from Portugal (Mota et al., 1999) studies on
biological and ecological characteristics of M. galloprovincialis have been under-
taking more intensely in several European countries, such as Portugal, Spain and
recently Turkey (Naves et al., 2006a, b, Naves et al., 2007).

Conclusions

Pine wilt disease is an important threat to susceptible pine forests of the world.
In this study, several Bursaphelenchus species were found in Turkey. Fortunately,
B. xylophilus has not been detected yet. The presence of B. mucronatus indi-
cates that the conditions are suitable for possible introduction and establishment
of B. xylophilus in pine forests of Turkey.
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Potential vector beetle species of B. xylophilus and other Bursaphelenchus species
are not well known in Turkey. The pine sawyer beetle, M. galloprovincialis (Olivier),
was found to be the vector of the PWN in Portugal (Sousa et al., 2001). The presence
of M. galloprovincialis has been previously reported from a number of different sites
in Turkey (Ozdikmen et al., 2005). The biology and ecology of M. galloprovincialis
have been studied under laboratory conditions since 2002 but the data have not been
published yet. Investigation of the biology and ecology of M. galloprovincialis is
critical to the potential management of pine wilt in Turkey.

In conclusion, Turkey is located at a very important transitional area between
Europe and Asia. The PWN is present in both Europe (Portugal) and Asia, which
increases the possible introduction of the nematode into Turkey. Two necessary
components for the spread of pine wilt disease, a vector beetle and suitable host
trees, are already present. Climatic conditions for development of the PWN are
highly suitable in a large area of Turkey. Therefore, it is important to study the
pine wilt disease complex for prevention of possible introduction of the PWN and
to control and eradicate both the nematode and insect vector.
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Investigations on Wood-Inhabiting Nematodes
of the Genus Bursaphelenchus in Pine Forests
in the Brandenburg Province, Germany

Ute Schonfeld, Helen Braasch, Wolfgang Burgermeister and Helmut Brother

Introduction

After detection of the pine wood nematode (Bursaphelenchus xylophilus) from a
restricted area in Portugal in 1999 (Mota et al., 1999), the European Commission
decided to have investigations to confirm the absence of the pest in pine forests of
the European member states. The territory of Brandenburg, a province of Germany,
is covered by one third with extensive pine forests. Pinus sylvestris is the main forest
tree in Brandenburg (861 000 ha). It is known to be a very susceptible pine species
to infection by the pine wood nematode (PWN).

In the last years (since 2000), we investigated dead or dying pine trees as well as
beetles, particularly the black pine sawyer, Monochamus galloprovincialis, the po-
tential vector beetle of the PWN in Brandenburg, for wood—inhabiting nematodes. In
order to obtain beetles for nematological examination, we set out bait logs to attract
beetles for oviposition (since 2002). The following generation of hatching beetles
was examined for the presence of nematode dauer juveniles. Samples of wood chips
and sawdust from 15 sawmills were included in the nematological examination
(since 1996). Sawmills predominantly use coniferous wood of P. sylvestris from
local origin. Thus we have obtained an overview on the occurrence of Bursaphe-
lenchus species in Brandenburg.

Methods

Extraction and Determination of Nematodes

Nematodes were extracted from wood and from beetles by applying the Baermann
funnel technique. Morphological features of adult nematodes were used for
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identifying the nematode species from wood (Braasch, 2001). Dauer larvae ex-
tracted from beetles or nematodes from wood were multiplied on Botryotinia fuck-
eliana cultures on malt agar in order to obtain adult nematodes for diagnosis. ITS-
RFLP analysis (Burgermeister et al., 2005) was applied to differentiate juveniles or
to confirm morphological species diagnosis in several cases.

Bait Logs

Healthy pine trees were cut from May to July at 45 locations, 32 near sawmills, four
near wood storage sites, three at forest fire sites and six at places where felling had
taken place in the summer time. The bait logs cut from these stems were collected
after several months in autumn. Logs with Monochamus infestation show typical
symptoms with large amounts of sawdust (“frass”) given off by the beetle larvae.
Stem segments of 50 cm length were placed in cages in the laboratory at room
temperature during the winter months to accelerate the development of the beetles.

Results

Nematodes in Wood

Seventeen species of Bursaphelenchus were found, collected from 400 wood sam-
ples examined; among them were some recently described species (Braasch et al.,
2004, 2006; Schonfeld et al., 2006) (Table 1). Of all samples examined, 31%
were contaminated with these nematodes. So far, the PWN has not been found in
Brandenburg, neither in wood from dying pines, sawmills nor bait logs or in the
beetles. The most frequently detected species was Bursaphelenchus mucronatus, a
species closely related to the PWN.

Nematodes in Wood and Beetles from Bait Logs

No nematodes were found in the wood of the bait logs, nor did the stems show
any symptoms of blue stain fungi at the time of cutting the pines. After infestation
by wood-inhabiting beetles within several weeks, B. mucronatus could be extracted
from the logs. Especially in the warm and dry summer of 2003, up to 6000 nema-
todes per 100 g wood were extracted in autumn.

Five beetle species hatched from the bait logs (Table 2): M. galloprovincialis
(143 specimens), Acanthocinus griseus (28), Hylobius abietis (1), Pissodes notatus
(14) and Phaenops cyanea (2). Dauer juveniles of B. mucronatus were found in
beetles of M. galloprovincialis only.

From the tree segments kept at room temperature during the winter season, the
beetles hatched several weeks or months earlier than under open air conditions
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Table 1 Bursaphelenchus species found in pinewood in Brandenburg/Germany

Bursaphelenchus Pine forests Number from Bait logs Total
species sawmills

mucronatus 57 34 15 106
fraudulentus 1 1
sexdentati 13 6 19
vallesianus 9 3 12
poligraphi 1 1
pinophilus 3 3
borealis 2 2
eggersi 1 2 3
tusciae 2 1 3
hildegardae 2 2
leoni 6 3 9
silvestris 1 1
pinasteri 2 2
paracorneolus 1 1
teratospicularis 1 1
fungivorus 5 5
willibaldi 1 1
contaminated 84 44 15 143
samples

examined 229 126 45 400
samples

(Fig. 1). To prevent drying out of the stem segments, it was necessary to dip them
weekly into a water bath. Under these conditions we could detect up to 40 000
juveniles per hatching beetle in the laboratory as well as in the open air.

Monochamus galloprovincialis in Brandenburg

The black pine sawyer developed in bait logs of 16 from 45 locations. In 15 of
these locations, B. mucronatus was also found in the bait logs. At one location,

Table 2 Beetles hatched from bait logs and their contamination with dauer juveniles of Bursaphe-
lenchus mucronatus

Number of Number of Beetles
hatched beetles from bait infested with
beetles logs with dauer dauer
juveniles juveniles
Monochamus 143 129 96
galloprovincialis
Acanthocinus 28 17 0
griseus
Hylobius abietis 1 0
Pissodes notatus 14 11 0
Phaenops cyanea 2 0
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M. galloprovincialis occurred without contamination with B. mucronatus. The map
shows B. mucronatus in bait log locations and in addition in forest stands (Fig. 2).

Conclusions

As may be concluded from our results, B. xylophilus is not present in Branden-
burg so far. Among the 17 Bursaphelenchus species detected, B. mucronatus is the
most frequent species in Brandenburg. However, we think that B. mucronatus is
not the primary reason for dying of pines in Brandenburg. The frequent occurrence
of B. mucronatus seems to be an indication of the wide distribution of the vector
beetle M. galloprovincialis. Especially following forest fires or in connection with
felling in the summer time, the beetles and the nematode B. mucronatus sometimes
develop to high population densities. Dry and warm summer conditions favour this
development. This indicates that the conditions for introduction and spreading of
the PWN are favourable in Brandenburg.

Bait logs can successfully be used to attract beetles of the genus Monochamus
for oviposition, during which the beetles infest the bait logs with B. mucronatus. Es-
pecially under conditions of latent infection with PWN, bait logs could be attractive
for beetles of the genus Monochamus infested with B. xylophilus, too. Examination
of beetles of the black pine sawyer and of wood from bait logs could be useful to
detect an introduction of PWN in an early stage of establishment. The long-term
mean summer temperatures in July/August in Brandenburg do not reach 20°C. In
warm summers, however, mean temperatures close to 20 °C or even slightly higher
have been observed. An infection with PWN could remain unrecognized for some
time. The use of bait logs should be an important component of the Bursaphelenchus
survey especially in northern European countries.
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Official Survey for Bursaphelenchus xylophilus
Carried out on the Territory of the Republic
of Poland

Witold Karnkowski

Abstract In Poland, the survey for the presence of B. xylophilus has been conducted
since 2003 by inspectors of the State Plant Health and Seed Inspection Service in
cooperation with the Governmental Forests. In the period 2003-2005, laboratories
of the State Plant Health and Seed Inspection Service examined 5 454 samples of
wood, chips, sawdust, etc. In 13 samples (0.24%) nematodes of the genus Bursaphe-
lenchus were found. B. mucronatus was found in 11 samples (0.21%). Nematodes
found in another two samples were recognized as belonging to the species B. glochis
and B. sexdentati based on their morphological features.

Introduction

The pinewood nematode (Bursaphelenchus xylophilus) is a serious pest of conifer-
ous trees, especially pines. This nematode is an EU quarantine pest in accordance
with the Council Directive 2000/29/EC of 8 May 2000 on protective measures
against the introduction into the Community of organisms harmful to plants or
plant products and against their spread within the Community. The first foci of
this species in the European Union were reported in Portugal in May 1999 (Mota
et al., 1999). Despite intensive control measures, its eradication in this country has
not been successful. Further foci within the EU are likely to appear as this species
may be introduced with coniferous wood, chips, sawdust, packaging material etc.,
imported from countries where it is present. Possibility of eradication of the nema-
tode after introduction into other EU Member States will depend especially on its
early detection. Therefore, each Member State is obliged to conduct on its territory
surveillance for the presence of this nematode, following the EC Pinewood Ne-
matode Survey Protocol (European Commission, 2000). In Poland, surveys for the
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presence of B. xylophilus have been conducted since 2003 (before accession to EU)
by inspectors of the State Plant Health and Seed Inspection Service in cooperation
with the Governmental Forests. It should be mentioned that the predominating tree
species in Polish forests (about 70% of the whole forest area) is Scots pine (Pinus
sylvestris), which is highly susceptible to B. xylophilus.

Sampling

The survey was performed in accordance with the instructions manual elaborated
in 2003 by the Central Laboratory of the Main Inspectorate of Plant Health and
Seed Inspection Service on the basis of the above mentioned EC protocol. The
survey was performed both in forests and in sawmills, where imported wood and
wood products are stored (including pallets, packaging material, etc.). During for-
est inspection, special attention was paid to trees with symptoms of wilting and
dieback. Samples of wood, packaging material, etc. were collected using an axe
or drill (1020 mm in diameter). Additionally, samples of wood chips, wood par-
ticles, sawdust, scrap etc. were collected in particular from sawmills, furniture
producing factories, etc. From each place a sample weighing at least 300 g was
collected. The samples were packed in polyethylene bags and sent to Laboratories
of the Inspection (Voivodeship Laboratories or the Central Laboratory) for further
examination.

Extraction of Nematodes

Before extraction of nematodes samples were subjected to incubation for 10 days
at 25 °C. The collected material (apart from chips, sawdust, etc.) was cut into small
particles then placed in a 2-31 capacity beaker and submerged with water for 3
days. Afterwards, water with debris and possibly nematodes was poured onto a ne-
matological sieve with a proper filter in a Baermann funnel. The nematodes were
extracted from the debris after 24 h using the Baermann funnel.

Identification of Nematodes

Nematodes found in samples (if any) were identified firstly under a light (com-
pound) microscope. The morphological identification was performed using avail-
able literature (EPPO, 2001; Ryss et al., 2005).

If the nematodes were identified as belonging to the xylophilus group, than each
case was identified to species with a PCR-RFLP test, using the Dutch method (Dutch
Plant Protection Service, 2001). The only laboratory performing this test is the Cen-
tral Laboratory in Torun.
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Molecular Tests

DNA Isolation

DNA isolation from nematodes was performed in accordance with the Dutch diag-
nostic protocol (Dutch Plant Protection Service, 2001) using High Pure PCR tem-
plate preparation kit Roche (cat. No. 1 796 828), available on the market. This is
a rather simple method, which excludes the use of organic solvents, allowing for
extraction and isolation of DNA simultaneously from a number of samples. The
procedure was as follows:

e The sample material (at least 5 nematode specimens) was suspended in 10 pl of
sterile reagent grade water.

® Homogenisation of nematodes was performed in a mixture of 200 pl tissue lysis
buffer and 40 wl Proteinase K, which after immediate mixing was incubated in
55°C for 1h.

e After incubation, 200 1 binding buffer was added and after immediate mixing,
incubation at a temperature of 72 °C was performed for 10 min.

e Next, 100 pl isopropanol was added and after mixing, the sample was pipet-
ted into the upper reservoir of a combined high pure filter tube (so-called
column).

e After centrifugation (1 min., 8 000 rpm), the flowthrough and collection tube
were removed, the filter tube was combined with a new collection tube and
500 wl of removal buffer was added to the upper reservoir of the filter tube.

e After the next centrifugation (1 min., 8 000 rpm) the flowthrough and collection
tube were removed, the filter tube was combined with a new collection tube and
500 pl of wash buffer was added to the upper reservoir of the filter tube, and
centrifugation (1 min., 8 000 rpm) was performed.

This step was repeated twice.

The flowthrough was removed and the filter tube was combined with the same
collection tube and centrifugation for 10 s at maximum speed (14 000 rpm) was
performed to remove residual wash buffer.

e Next, the collection tube was removed and the filter tube was combined with a
clean 1.5 ml reaction Eppendorf tube.

® The next step was the adding of 40 .l elution buffer, pre-warmed to 70 °C, for
washing of DNA from the column.

e After centrifugation (I min., 8 000 rpm), the reaction tube contained the eluted
DNA, which was stored at —20 °C.

e DNA was diluted 1:100, if necessary.

PCR

For every sample, the mix (50 ul) for analysis contained: 5wl analysed DNA,
38.2 pl reagent grade water, 5 wl 10xPCR reaction buffer (Qiagen), 1 pl ANTP mix
(10 mM; Promega), 0.2 .l HotStar Taq (5 U/pl; Qiagen) and 0.3 .l of each of two
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primers (1 mg/ml). The following primers were used: Ferris Fwd primer 5'-CGT
AAC AAG GTA GCT GTA G-3'; Vrain Rev primer 5'-TTT CAC TCG CCG TTA
CTA AGG-3'. Tubes with the reaction mix were placed in a MJ Research PTC-200
thermocycler. The PCR parameters were as follows: initial denaturation at 95 °C for
15 min., 35 reaction cycles at 94 °C for 155, 55 °C for 1 min., 72°C for 45s., and a
final extension at 72 °C for 10 min., and 20 °C for 1 s. In each case during running of
the PCR test, the negative control (not containing DNA) and positive control (DNA
of known, preliminary identified species) were included.

Electrophoresis in Agarose Gel

After completion of PCR, 5 pl aliquots of the reaction mix were resolved by gel
electrophoresis in a 1% agarose gel with ethidium bromide in 1xTAE buffer at 76 V
(45 min). DNA fragments were visualized under UV light using Foto/Analyst Inves-
tigator Fotodyne system.

RFLP Analysis

Where bands of PCR products on the PCR gel indicated that the nematodes may
be those belonging to B. xylophilus, RFLP analysis was performed. The following
restriction enzymes were used: Alu I, Hae 111, Hinf 1, Msp 1 and Rsa 1. For each
restriction enzyme a mix (10 wl) was prepared, containing 8.7 wl PCR product,
0.3 1 (10 U) restriction enzyme and 1 pl 10X restriction enzyme buffer. The mixes
(samples) for all restriction enzymes were then incubated for 1 h at 37 °C. The re-
sulting products of RFLP analysis were resolved during the electrophoresis process
in a 2% agarose gel in 1xTAE buffer at 80 V (0.5h). The gel was analysed under
UV light using Foto/Analyst Investigator Fotodyne system. Obtained RFLP patterns
were compared with those published in the literature (EPPO, 2001; Burgermeister
et al., 2005).

Results

In the period 2003-2005, the laboratories of the State Plant Health and Seed In-
spection Service examined 5 454 samples of wood, chips, sawdust, etc. (Fig. 1). In
13 samples (0.24%), nematodes of the genus Bursaphelenchus were found (Fig. 2).
Nematodes belonging to the xylophilus group were found in 11 samples (0.21%)
(Fig. 3). In all cases these nematodes were identified with PCR-RFLP as Bursaphe-
lenchus mucronatus. Additionally, in two samples, nematodes not belonging to this
group were found. The number of specimens of these nematodes in the samples was
very low, therefore they were identified based on morphological features. These
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@ Samples taken

Fig. 1 Wood samples collected in the period 2003-2005

@ Percentage of infested samples

Fig. 2 Percentage of samples infested with Bursaphelenchus spp
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Fig. 3 Number of samples infested with various species from the genus Bursaphelenchus

nematodes were recognized as belonging to the species Bursaphelenchus glochis
and Buraphelenchus sexdentati (Fig. 3).

Conclusions

Based on results of the conducted survey, the status of Bursaphelenchus xylophilus
in Poland may be recognized as “Absent — confirmed by survey”. The further survey
confirming this status of the pest will be continued within the next years.

Bursaphelenchus species found during the survey were previously reported on
the territory of Poland (Brzeski and Baujard, 1997; Tomalak, unpublished data). The
percent of infested samples was very low as compared with results of survey con-
ducted on the territory of the Federal State of Brandenburg in Germany neighboring
to the territory of Poland, where 9 Bursaphelenchus species were found in 25%
of sampled forest districts (Schonfeld et al., 2001). However, during the German
studies, pine trunks were sampled, whilst the survey on the territory of Poland
involved sampling both in forests, sawmills, places of packaging material storage
where the nematodes are less likely to occur than in pine stands. Furthermore, the
target of this survey was detection of B. xylophilus and therefore bark and wood
layers directly beneath it, where various Bursaphelenchus species to be confused
with the “xylophilus” group may occur, were generally omitted during sampling.
Such sampling were proper for official PWN survey but generally did not allow
to detect Bursaphelenchus species which are in phoretic relationship with insects
occurring beneath bark, such as bark beetles.
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Bursaphelenchus spp. in Wood Packaging
Intercepted in China

Jianfeng Gu, Jiancheng Zhang, Xianfeng Chen, Helen Braasch
and Wolfgang Burgermeister

Solid wood packaging material (including dunnage) made of unprocessed wood is
known to be an important pathway for the introduction and spread of pests, but we
may not know how serious this problem is. Another question is: Can a quarantine
treatment certificate or the “HT” (“MB”’) mark on the wood really assure that the
wooden packaging is free of pests?

In February of 2006, many living pinewood nematodes (PWN) were detected in
wooden packaging exported from Portugal to China. The black mark “PT - 048 HT”
could clearly be seen on the wood (PT representing Portugal, 048 representing the
number of the heat treatment site). Was the wood cut from the PWN affected zone
in Portugal and not properly treated? At Ningbo Entry-exit Inspection and Quar-
antine Bureau, China, almost all wooden packaging imported through this harbour
have been sampled and inspected since 1997. In recent years, the quarantine pest
B. xylophilus was detected many times in large numbers (sometimes thousands of
specimens) in wood samples from different countries, and a considerable number of
other Bursaphelenchus species, among them several undescribed species, were also
found. The morphological and molecular diagnostic work was stimulated and sup-
ported by a training course for identification of Bursaphelenchus species given by
Helen Braasch and Wolfgang Burgermeister in Shanghai, China, in October 2002.

From January, 2003 to June, 2006, wooden packaging material of 8720 batches
was nematologically inspected in the Ningbo Entry-exit Inspection and Quarantine
Bureau. Living nematodes were detected in 1772 batches, accounting for 20.3%.
Most of them were identified as Rhabditida, Tylenchida and Aphelenchida (pre-
viously Aphelenchoides spp. and Bursaphelenchus spp., but also Aphelenchus spp.,
Paraphelenchus sp., Cryptaphelenchus spp. and Ruehmaphelenchus sp.). Bursaphe-
lenchus spp. was detected in 343 batches from 26 different countries (Table 1). The
following species were identified on the basis of their morphology and their ITS-
RFLP patterns: B. xylophilus, B. fungivorus, B. rainulfi, B. hylobianum, B. thailan-
dae, B mucronatus, B. aberrans, B. lini, B. singaporensis, B. doui, B. conicaudatus,
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Table 1 Bursaphelenchus spp. detected from imported wooden packaging in Ningbo Port

(2003.1-2006.6)

Bursaphelenchus species Number of  Export areas
detected
batches

B. mucronatus 97 Hong Kong (16), Taiwan (13), Germany
(13), Republic of Korea (11), Japan (10),
Russia (6), USA (5), France (4),
Netherlands (4), Belgium (2), Spain (2),
Israel (2), Saudi Arabia (1), Italy (1),
Brazil (1), Canada (1), Austria (1),
Norway (1), Sweden (1), Finland (1), UK
1

B. xylophilus 63 USA (21), Taiwan (19), Hong Kong (7),
Japan (3), Republic of Korea (3), Belgium
(2), Italy (2), Netherlands (2), Thailand
(1), Spain (1), Brazil (1), Portugal (1)

B. rainulfi 37 Republic of Korea (9), Taiwan (9), Japan (8),
Hong Kong (4), USA (2), Germany (2),
Belgium (2), South Africa (1)

B. fungivorus 24 Republic of Korea (10), Japan (5), Taiwan
(4), Finland (1), Germany (2), South
Africa (1), Hong Kong (1)

B. thailandae 19 Republic of Korea (5), Japan (3), Hong Kong
(3), Taiwan (3), USA (2), Italy (1), India
(1), Belgium (1)

B. doui sp.n. 15 Republic of Korea (6), Taiwan (4), Japan (3),
South Africa (1), Malaysia (1)

B. arthuri sp.n. 5 Republic of Korea (2), Taiwan (1), USA (1),
Japan (1)

B. aberrans 2 Japan (2)

B. conicaudatus 2 Taiwan (1), Germany (1)

B. lini 2 Taiwan (1), Germany (1)

B. vallesianus 2 Germany (1), Belgium (1)

B. singaporensis sp.n. 1 Singapore (1)

B. pinasteri 1 Italy (1)

B. hofmanni 1 Italy (1)

B. hylobianum 1 Japan (1)

B. leoni 1 Belgium (1)

B. fraudulentus 1 Belgium (1)

B. paracorneolus 1 White Russia (1)

B. teratospicularis 1 UK (1)

B. africanus sp.n. 2 South Africa (2)

Unidentified Bursaphelechus spp. 65

B. vallesianus, B. pinasteri, B. hofmanni, B. arthuri, B. leoni, B. teratospicularis, B.
fraudulentus, B. paracorneolus and B. africanus. The most frequently found species
were B. mucronatus (97 times), B. xylophilus (63 times), B. rainulfi (37 times), B.
fungivorus (24 times), B. thailandae (19 times) and B. doui (15 times) (Table 1).
The quarantine pest B. xylophilus was not only found in packaging wood im-
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ported from countries/territories where it is known to occur (The United States of
America, Japan, Republic of Korea, Hongkong, Taiwan, Portugal), but also from
countries considered to be free of this dangerous pest (Brazil, Thailand, Belgium,
The Netherlands, Italy, Spain). The records of B. xylophilus in packaging wood
from several non-infested European countries and possibly also from Brazil can
only be explained by circulation of the wood packaging material among infested
and non-infested countries.

During the period from January, 2000 to August, 2006, the number of imported
packaging wood batches inspected per year varied greatly by about one order of
magnitude, as shown for different exporting areas in Table 2. In contrast, the per-
centage of batches containing any nematodes exhibited much less variation, aver-
aging 19.6%. Typically, percentage values from about 15-25% were obtained for
most of the exporting areas and years listed in Table 2. It is important to note that
the percentage of batches containing Bursaphelenchus spp. did not show a clear
tendency to decrease during these years, although the quarantine regulations are
becoming more and more strict. On January 1, 2000, China implemented regula-
tions to ensure that solid wood packaging material entering the country was not
infested by the pine wood nematode. Coniferous wooden packaging material from
USA and Japan had to be heat-treated. Since February 20, 2002, China required
that coniferous wooden packaging material from the Republic of Korea should also
be heat-treated or fumigated. Since October 1, 2002, a heat treatment or fumiga-
tion certificate is required for coniferous packing wood imported from the USA,
Japan, Korea and the European Union. Since January 1, 2006, a heat treatment or
fumigation (methyl bromide) mark are required for all the imported wooden pack-
aging. Without an appropriate mark all wood must be properly treated in Chinese
ports.

A global strategy is needed to address this international pest problem. As an
important step, the FAO guidelines for regulating wood packaging material in in-
ternational trade (ISPM 15) were issued in 2003. However, ratification of ISPM 15
in individual countries requires additional time. Strong efforts should, therefore, be
made to guarantee that appropriate procedures of phytosanitary treatment are put
into practice as soon as possible in all importing and exporting countries.
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Part I1
Biology and Microbial Inter-Relationships

Kazuyoshi Futai and Manuel Mota

Summary

To effectively control pine wilt disease (PWD), we must understand the biology
and inter-relationship of organisms involved in this epidemic disease. Among the
basic biological disciplines related to development and behavior of nematodes, its
regulation system and nerve network, is embryology. Caenorhabditis elegans is a
well-known model organism in molecular embryology and has often been used for
comparative purposes to understand plant parasitic nematodes. Hasegawa et al. have
studied the embryonic development of Bursaphelenchus xylophilus in comparison
with that of C. elegans using several methods developed for this nematode species.
Among several findings are the position of the anterior-posterior axis (opposite to
C. elegans) and the elucidation of the karyology and cytogenetics of the species,
previously unknown. Reverse genetic analysis and in particular the potential of us-
ing RNAI has also been studied, albeit in a preliminary fashion. These findings
should be applied to developing new tactics for controlling nematode pests such as
B. xylophilus in the future.

It has been revealed that there is remarkable variability in the pathogenicity
of B. xylophilus among regional strains. According to global spreading of PWD,
the pathogenicity of B. xylophilus must have changed and evolved. Mota and his
Japanese colleagues reported their recent works done in Japan, which compares
various biological features of B. xylophilus between two Japanese and two Portugal
isolates. Further comparative studies are on going also in Portugal using the same
isolates of nematode and Portugal pine species. Their comparative studies stress
the idea of evolution of pathogenicity in the genus Bursaphelenchus as well as in
B. xylophilus. From the practical point of view, their results could be useful to dis-
criminate between degrees of susceptibility in pine species, or to find out determina-
tive factors of pathogenicity of B. xylophilus. Ongoing research is also being carried
out in Portugal regarding evaluation of the susceptibility degree of maritime pine
(Pinus pinaster), as well as elucidation of tolerance to PWN of P. pinea (stone pine),
an important economical staple crop, which produces pineon seed, and a species
being considered for a substitute of P. pinaster in certain areas of the affected zone.

The life cycle of B. xylophilus consists of two phases, the reproductive phase and
the dispersal phase. In either phase, B. xylophilus is associated with various kinds of
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microorganisms and small invertebrates, and its behavior, nutrition, reproduction,
and distribution in the host tree are greatly influenced by cohabiting small organ-
isms. Sriwati et al. and Wang et al. have studied the population and distribution
of B. xylophilus in host pine trees in relation with cohabiting fungi. They proved
that the cohabiting fungi might play a role not only as food for B. xylophilus in
dead pine trees, but also as its antagonistic cohabitant to suppress its population
and distribution. Nematode density thus determined around the pupal chamber of
Monochamus beetles, influences the number of nematodes carried by the vector
beetle Monochamus sp., and thereby determines the amount of damage caused to
the trees.

When infected with B. xylophilus, and having lost its resistance ability against
invading microorganisms, a pine tree becomes colonized by various species of fungi
and bacteria. Zhao and his colleagues have studied the inter-relationships between
B. xylophilus and its accompanying bacteria, and found a mutualistic relationship
between them. They have also found specific toxins produced by these accompany-
ing bacteria, and proposed a hypothesis that PWD is a complex disease, which is
induced by both PWN and associated toxin-producing bacteria. Because this idea is
still controversial, further studies are needed to elucidate the role of accompanying
bacteria. To deepen our understanding of this serious forest disease, and thereby ob-
tain effective control measures, further studies are needed to reveal the basic biology
of B. xylophilus and its cohabiting microorganisms.



Developmental Biology and Cytogenetics
of Bursaphelenchus xylophilus

Koichi Hasegawa, Manuel Mota, Kazuyoshi Futai and Johji Miwa

Abstract The pinewood nematode, Bursaphelenchus xylophilus, reproduces bisex-
ually: a haploid sperm fertilizes a haploid oocyte, and the two pronuclei rearrange,
move together, fuse, and begin diploid development. Early embryonic events taking
place in the B. xylophilus embryo are similar to those of Caenorhabditis elegans,
although the anterior-posterior axis appears to be determined oppositely to that
observed for C. elegans. That is, in the B. xylophilus embryo, the male pronucleus
emerges at the future anterior end, whereas the female pronucleus appears laterally.
To understand the evolution of nematode developmental systems, we cloned the full
length of Bx-tbb-1 (beta tubulin) from B. xylophilus cDNA and attempted to apply
reverse genetics analysis to B. xylophilus. Several lengths of double stranded RNA
(dsRNA) for the Bx-tbb-1 gene were synthesized by in vitro transcription, and both
B. xylophilus and C. elegans were soaked in dsSRNA for RNAi. Both nematodes
could suck up the dsRNA, and we could detect the abnormal phenotypes caused by
Bx-tbb-1 dsRNA in C. elegans, but not in B. xylophilus. We suspect that systemic
RNAIi might be suppressed in B. xylophilus and are attempting to establish other
methods for functionally analyzing B. xylophilus genes.

Introduction

The pinewood nematode (PWN), Bursaphelenchus xylophilus, the causal agent of
pine wilt disease, which destroys millions of pine trees every year in East Asia
(Mamiya, 1983), have been found recently for the first time in Europe (Mota et al.,
1999). Although parasitic in nature, B. xylophilus is easily maintained in the labo-
ratory and is experimentally amicable, having a large brood size with short gener-
ation time and a simple and transparent body and embryo (Hasegawa et al., 2004;
Hasegawa et al., 2006). Here we show some embryological and cytological aspects
of B. xylophilus development, as it is compared with those of the model organism

K. Hasegawa
Institute for Biological Function, Chubu University, 1200 Matsumoto, Kasugai 487-8501, Japan
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Caenorhabditis elegans. And we also attempted to establish methods for the func-
tional analysis of B. xylophilus genes.

Materials and Methods

Nematodes

The B. xylophilus isolate S-10 (originally isolated from Shimane Prefecture, Japan)
was used. Methods for culturing, handling, and observing B. xylophilus follow the
methodology described by Hasegawa et al. (2004). C. elegans var. Bristol, strain N2
was used (Brenner, 1974).

Immunostaining for Microtubules and Actin

Early B. xylophilus embryos were collected and fixed as described by Hasegawa
et al. (2004). Mouse monoclonal anti-a -tubulin antibody (DM 1a, Sigma) and rabbit
monoclonal anti-actin antibody (Sigma) were used as primary antibodies, and FITC-
conjugated goat anti-mouse IgG (Sigma) and Cy3-conjugated sheep anti-rabbit IgG
(Sigma) were used as secondary antibodies. Antibody staining was performed as
described by Hasegawa et al. (2004). Stained embryos were washed with PBS for
several seconds and mounted in Vectashield (Vector Laboratories, Inc.) for viewing
with a ZEISS Axiovert 200 microscope equipped with a confocal laser-scanning
module (ZEISS LSM510).

dsRNA Synthesis

The plasmid pBxTBB5R-1 was used as a PCR template. This plasmid was con-
structed by inserting a 5’ fragment of Bx-tbb-1 ¢cDNA (1079 bp) into the pPCR
SCRIPT SK (+) MCS (Stratagene) (Hasegawa and Miwa, unpublished data). Three
different lengths of DNA templates were prepared from pBxTBB5R-1 with the fol-
lowing primers: for the 1kbp (1,079 bp) DNA template, the T7 primer (5" -GTA
ATA CGA CTC ACT ATA GGG C- 3’) and Cmo422 (5'- GCG TAA TAC GAC
TCA CTA TAG GGA ACA AAA GCT GGA GCT- 3’) (Mello, personal commu-
nication); for the 500 bp (464 bp) DNA template, T’ BXTBB5R_SP500 (5’ -GTA
ATA CGA CTC ACT ATA GGG CCA CTC TTT CCG TC- 3’) and Cmo422; and
for the 100bp (117 bp) DNA template, T7BXTBBSR_SP100 (5 -GTA ATA CGA
CTC ACT ATA GGG CTG CTT GTG ATC CT- 3') and Cmo422. Double-stranded
RNA (dsRNA) was synthesized by in vitro transcription with T7 RNA Polymerase
(Takara Bio) for each length. In addition to the three dSRNA lengths, we prepared
siRNA (about 22bp) from 1kbp dsRNA fragment, digested with Takara siRNA
Cocktail Kit (Takara Bio) for 3.5 hours at 30 °C.
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Soaking RNAi

Soaking RNAi of C. elegans L4 animals was performed following the method of
Maeda et al. (2001), and B. xylophilus was performed following the method of
Urwin et al. (2002), with some modification. For checking the soaking efficiency,
the soaking buffer (Maeda et al., 2001) with or without 10 mM octopamine was
mixed with FITC dye (1 pg/pL), and nematodes were dipped for 24 hours at 20 °C
(C. elegans) or 25 °C (B. xylophilus) and viewed by fluorescence microscopy (Nikon
E600). Double-stranded RNA for each size (1 kb, 500 bp, 100 bp) was dissolved in
soaking buffer (0.5-1 pg/pL), and both B. xylophilus (<50 mixed stage individuals)
and C. elegans (6-10 L4 individuals) (parental generation) were soaked in dsSRNA
for RNAi. After 24 hours of incubation, C. elegans were transferred onto a fresh
NGM plate seeded with Escherichia coli OP50, and incubated overnight at 20 °C
for recovery. After that, healthy C. elegans adults were individually transferred onto
NGM spot plates for checking the hatching rate of F1 eggs. In case of B. xylophilus,
nematodes were incubated in dsSRNA for 24—48 hours at 25 °C. After soaking, B. xy-
lophilus were transferred onto a fresh 1/10 PDA plate seeded with Botrytis cinerea,
and incubated 1 day at 25 °C for recovery and mating. After that, mating sets of one
adult female and 2 to 5 adult males were transferred onto agar plates seeded with
B. cinerea for checking F1 hatching rate. Resulting F1 phenotypes were viewed by
Nomarski optics (Nikon E600).

Results and Discussion

First Cell Division and AP Axis Formation

The B. xylophilus embryo is long and slender, about 25 pum wide and 60 pm long.
As in C. elegans, the first cell division was unequal, producing the larger AB cell
and the smaller P; cell (Hasegawa et al., 2004; Hasegawa et al., 2006), which were
destined to a certain fate, although still reprogrammable at this stage (Gonczy and
Rose, 2005). This division reveals the anterior-posterior (AP) axis of a nematode in
that the AB and P; cells indicate, respectively, the future anterior and the posterior
sides (Hasegawa et al., 2004). Here we analysed the relations of the male and female
pronuclei, cell cytoskeleton formation, and AP axis in B. xylophilus embryos from
fertilization to the 2-cell stage.

The cortical membrane of a newly laid egg was rumpled and active, and seem-
ingly random cytoplasmic streaming was visible (Fig. 1A). At this time, the DAPI-
stained sperm was seen as a dot positioned at the future anterior side of the embryo
(Fig. 1a). Meiosis was propelled by a small seemingly acentriolar meiotic spindle
positioned at the lateral mid-point position of the embryo (Fig. 1a). The 1st and
2nd polar bodies were extruded out, while vesicular male and female pronuclei
were reconstituted (Fig. 1B, b). Duplicated centrosomes were on the surface of the
male pronucleus, interacting with the cortical actin (Fig. 1b). The sperm entry point
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Fig. 1 Embryonic cell A ——
divisions of B. xylophilus, T s
from fertilization to the
two-cell stage. A-H:
Nomarski differential
interference contrast images
(DIC). a-h: Confocal
laser-scanning microscope
images, microtubules and
actin cytoskeleton are
visualized with antibody, and
DNA with DAPI. (A) Just
after oviposition, the entire
cortical region is ruffling and
one of the polar bodies is
visible. (a) At this stage, the
sperm is visible as a faint dot,
and 2nd meiosis starts with
microtubules elongated. (B)
Soon after the completion of
meiosis, the male pronucleus
appears at the future anterior
pole of the embryo, and the
female pronucleus emerges at
a lateral midpoint position.
(b) Duplicate centrosomes
are visible at the surface of
the male pronucleus,
interacting with the cortical
actin. (C) Pronuclear
meeting. (¢) Two
centrosomes are nucleating.
(D, d) Juxtaposed pronuclei
move to the center and rotate
90 degrees. (E) Two
pronuclei are fusing. (e)
Metaphase stage embryo, two
centrosomes are located in
the center of the embryo
along the longitudinal axis.
(F) Anaphase stage embryo.
(f) Posterior centrosome
moves posteriorly to pull the
chromosomes posteriorly.

(G, g) The cell membrane
invaginates at the start of cell
division. (H, h) Two-cell
stage embryo. Anterior is left.
Scale bar, 10 pm

[T
body
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appeared to become the future anterior end of the B. xylophilus embryo, although
the B. xylophilus sperm also brought a centrosome into the oocyte. The rumpled
cortical membrane became smooth, and male and female pronuclei moved toward
each other and eventually met (Fig. 1C, c¢). Chromosomes became condensed in
the prophase stage, and six chromosomes were visible in each pronucleus (Fig. 1c).
They moved to the centre where they rotated 90° (Fig. 1D, d), and fused to become
one. The pair of male and female pronuclear-derived chromatids was fused and
aligned along the metaphase plate (Fig. 1E, e). Two centrosomes were located at
the centre of the embryo along its longitudinal axis (Figure le). In anaphase, the
posteriorly-positioned centrosome moved more posteriorly to divide the chromo-
somes antero-posteriorly (Fig. 1F, f). Subsequently, the embryo divided unequally
(Fig. 1G, g) to form the larger anterior AB cell and the smaller posterior P; cell
(Fig. 1H, h), thereby determining the anterior-posterior axis.

Polarity formation is an important feature for establishing many different cell
types through several rounds of asymmetric cell divisions. The initial asymmetric
cues such as sperm entry (Goldstein and Hird, 1996) establish the cell polarity fol-
lowed by cytoskeleton reorganization and polarized localization of several cortical
proteins in the C. elegans oocyte. A mature oocyte is fertilized as it passes through
the spermatheca by sperm located there (Ward and Carrel, 1979). Compared with
sperm, the oocyte is much larger and contains more cellular factors necessary for cell
division, cell-fate determination, and morphogenesis. Although almost all factors re-
quired for early embryogenesis are supplied maternally (Miwa et al., 1980), paternal
factors such as chromosomes, centrosome, and cytoplasm also constitute essential
and important contributions (Singson, 2001). Fertilization triggers completion of
the final stage of oocyte meiosis and promotes rearrangement of the cortical actin
cytoskeleton, which generates cytoplasmic flows anteriorly in the cortical region
and posteriorly inside of the zygote to distribute cell-fate determinants (Munro et al.,
2004). At metaphase, two centrosomes are located at the centre of the embryo along
its longitudinal axis, but in anaphase the posteriorly-positioned centrosome moved
posteriorly to divide the chromosomes antero-posteriorly. Asymmetric distribution
of cell-fate determinants should eventually lead the first cell division to produce the
larger anterior AB cell and the smaller posterior Py cell, which are programmed to
have different fates (Sulston et al., 1983; Miwa, 1986). Although the AP axis deter-
mination of the B. xylophilus embryo was entirely opposite to that of the C. elegans
embryo, there is a question whether or not the B. xylophilus embryo uses the same
types of molecules to generate AP polarity as in the C. elegans embryo? We thus
need to compare the functional differences or similarities of the molecules necessary
for AP axis determination between B. xylophilus and C. elegans.

Attempt to Induce RNA Interference in Bursaphelenchus
xylophilus

Next we attempted to analyse the function of Bx-tbb-1, a homologue of the gene en-
coding beta tubulin, which is an important molecule for cell division. The
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Bx-tbb-1 gene has been isolated from B. xylophilus, and its structure and expression
patterns were analysed. Its nucleotide sequence shares 78% homology with tbb-1
of C. elegans. Transcriptional and functional analyses of B. xylophilus genes were
initiated by constructing ESTs (Kikuchi et al., 2004; Kikuchi et al., 2005), and we
attempted to introduce the reverse genetics technique in B. xylophilus for analyzing
the gene function. Although conventional genetics (forward genetics) provides the
most powerful tool to understand most biological phenomena, only a few organ-
isms are endowed with this potential. The recently discovered RNAi (double strand
RNA-mediated interference) is now considered by many to be a “wonder magic” for
genetic analysis in non-model organisms for which classical genetics is unsuitable,
and is sometimes referred to as “reverse genetics,” since we first start with materials
like RNA and then find a phenotype: that is the process is a reversal of classical
genetics. The phenomenon of RNAi was discovered first in C. elegans (Fire et al.,
1998). The RNAi-based “reverse genetics” in C. elegans offers three different ways
for obtaining the interfered phenotype induced by tailor-made double stranded (ds)
RNA material: by (1) microinjection of dsSRNA into the nematode body (Fire et al.,
1998), (2) feeding E. coli that expresses dsRNA (Timmons and Fire, 1998), and (3)
soaking nematodes in dsSRNA (Tabara et al., 1998; Maeda et al., 2001). For feeding
and soaking RNAi, dsRNA is absorbed from the gut and transported to other parts
of the body. Because B. xylophilus is very slender, it is quite difficult to perform
microinjection. In this experiment we tried to perform soaking RNAi with Bx-tbb-1,
the gene encoding B-tubulin and necessary for microtubule formation.

First, to check the soaking efficiency, the dSRNA buffer was mixed with FITC
dye (1 pg/pL), and nematodes were dipped for 24 hours at 25 °C. In the presence of
the neurotransmitter octopamine (10 mM), B. xylophilus could suck up the dsSRNA
more efficiently; FITC green signal was detected clearly in the pharyngeal and in-
testinal lumen in all nematodes (checked more than 30 individuals) (Fig. 2). Then,
to apply reverse genetics to B. xylophilus as a functional analysis of Bx-tbb-1, both
B. xylophilus and C. elegans animals were soaked in solutions containing several
different lengths of dsRNA (1 kbp, 500 bp, 100 bp, and siRNA) for RNAi. Because
it is known that introduced dsRNA is first processed into siRNA (short interfering
RNA) by RNase III and siRNA with other components then forms RISC (RNA-
induced silencing complex) to bind and degrade target mRNA (Hammond, 2005),
we prepared Bx-tbb-1 siRNA to facilitate the processes.

100% RNAIi phenotype was detected in C. elegans by soaking 1 kbp and 500 bp
Bx-tbb-1 dsRNA, but none was detected in B. xylophilus. After Bx-tbb-1 RNAI treat-
ment, all C. elegans F1 eggs seemed to be arrested at microtubule formation and
could not perform pronuclear meeting and chromosome division (Fig. 3). Although
male and female pronuclei appeared, they could not move and meet each other. The
embryos, nevertheless, started disordered cell division (Fig. 3). The shorter 100 bp
dsRNA and siRNA were less effective for RNAi in C. elegans; RNAI efficiencies
decreased to 67% and 22%, respectively (Table 1). We could not detect knock-down
phenotypes in B. xylophilus, however, at any of the various dsRNA lengths (Table 1).
We also examined soaking RNAIi in B. xylophilus with several other genes (Bx-
par-1, Bx-mex-3, Bx-tbb-1, Bx-unc-22) in several lengths (from 1.5kb to siRNA),
but could not observe knock-down phenotypes (data not shown). It might be possible
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o spicule

Fig. 2 Soaking efficiency of B. xylophilus, checked by fluorescence dye FITC (1 pg/pL). (A)
Head region, and (B) tail region of adult male, viewed by DIC. (C) Head region and (D) tail region
of adult male, soaked in FITC soak buffer for 24 hours at 25 °C without octopamine, viewed by
fluorescence microscopy. Only pharyngeal lumen from stylet to terminal bulb was stained with
FITC green fluorescence. Blue autofluorescence signals are detected from gut and spicule. (E)
Head region, and (F) tail region of adult male, soaked by FITC buffer for 24 hours at 25 °C with
octopamine (10 mM), viewed by fluorescence microscopy. FITC green signal is detected from both
pharyngeal and intestinal lumen. Scale bar, 20 um

that systemic RNAI silencing, whereby mobile dsRNA is taken up by gut cells or
transferred among different tissues, was suppressed in B. xylophilus, and thus soak-
ing RNAi was not effective.

Successful results of RNAi in other parasitic nematodes have been reported;
dsRNA was delivered by soaking (for example, Urwin et al., 2002; Fanelli et al.,
2005), or by electroporation (Issa et al., 2005). C. elegans and perhaps also these
parasitic nematodes have a systemic nature of RNAI; that is, delivered dsSRNA
moves from one introduced cell to the others, and that has not been reported so far in
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Fig. 3 Bx-tbb-1 RNAi knock-down phenotypes in C. elegans embryo. Just fertilized eggs were
collected from Bx-tbb-1 dsRNA (1kbp) treated adults. Male and female pronuclei appeared (A).
Two pronuclei could not move and meet (B), but embryo, nevertheless, started disorderly cell
division (D, E), and became a lump of disorganized cells at 24 hours after fertilization (F). Scale
bar, 10 wm

Table 1 Percentage of abnormal RNAi phenotype

dsRNA length B. xylophilus C. elegans

Control - 0% (14)

Bx-tbb-I (1 kbp) 0% (41) 100% (36)
(500bp) 0% (55) 100% (25)
(1000bp) 0% (60) 67% (24)
(siRNA) 0% (29) 22% (9)

All abnormal phenotypes were embryogenesis arrest. Control
was soaking buffer only. Numbers in parenthesis indicate the
number of examined animals.
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other organisms except for plants (Grishok, 2005). We need to continue seeking to
establish other methods for functionally analyzing B. xylophilus genes to understand
its developmental program and the evolution of nematode developmental systems
by comparing similarities and differences between the two nematodes B. xylophilus
and C. elegans.
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The Relationship Between the Pinewood
Nematode (PWN) and Fungi Cohabiting
in Pine Trees Inoculated with the PWN

Rina Sriwati, Shuhei Takemoto and Kazuyoshi Futai

Abstract The relationship between the pinewood nematode (PWN) and fungi
cohabiting with the nematodes in 15-year-old Japanese black pine (Pinus thun-
bergii) was examined bimonthly over a year after inoculation with PWN. The pop-
ulation of PWN in the trees was high in August, but slightly decrease in December
then increased again in February. From wood samples of the pine trees examined,
18 species of fungi have been isolated. Among the 18 fungi detected, Phialophora
repens, Sphaeropsis sapinea, Pestalotiopsis sp., Rhizoctonia sp. were the most fre-
quently isolated in every season. All of these fungi had positive effects on the in-
crease of nematode population, though the population of PWN on Rhizoctonia sp.
was less than those on the other three dominant fungi. Under laboratory conditions,
19 species of fungi cultured on potato dextrose agar (PDA) served for PWN as
food source, and the PWN’s population built up on each fungus was compared at
20°C. PWN dramatically increased on Pestalotiopsis sp. 1, Pestalotiopsis sp. 2,
Sphaeropsis sapinea, Phialophora repens, and Botrytis cinerea (control), from 10
to 15 days after inoculation. From the point of view in terms of the food quality and
their cohabitating ability we conclude that the species of fungi that are dominant in
pine trees, except Rhizoctonia sp., have a compatible relationship with the PWN,
while Rhizoctonia sp. and Penicillium sp. proved to be neutral, and Trichoderma sp.
an incompatible relationship with PWN.

Introduction

Pine wilt disease, caused by the pinewood nematode (PWN), Bursaphelenchus
xylophilus, is a major threat to pine forests in Japan and causes serious damage
to the most common native pines, Pinus densiflora, P. thunbergii and P. luchuensis
(Mamiya, 1988). Since the first occurrence in Nagasaki, Kyushu, in 1905 (Yano,
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1913), this devastating epidemic disease has rapidly spread throughout Japan, except
for the two northernmost prefectures, Aomori and Hokkaido, out of 47 prefectures.
In 2000, infested areas were estimated to be 27.6% of the Japanese pine forest
(2.1 million ha) (Mamiya, 2004). This nematode, presumably originating in North
America (De Guiran and Bruguier, 1989), has also a rapid spread in other Asian
countries (Yang, 2004). Moreover, recently it has been found also in Portugal (Mota
et al., 1999).

The PWN is transmitted mainly by the Japanese pine sawyer, Monochamus
alternatus, from wilt-killed to other healthy pine trees (Mamiya and Enda, 1972;
Morimoto and Iwasaki, 1972). The adult beetles of M. alternatus carrying a great
number of PWN’s in their tracheae emerge from PWN-killed pine trees in early
summer. Newly-emerging adults fly to healthy trees and feed on the bark of young
twigs for maturation. At that time, PWN’s on the vector beetles are transmitted
to healthy trees and invade them through the feeding wounds made by the bee-
tles. A small number of PWN’s disperses widely in the infected trees and causes
the cessation of oleoresin flow. Thereafter PWN’s propagate dramatically and the
trees show wilting symptoms, releasing volatiles such as ethanol, terpenes, etc. (see
Kishi, 1995). Mature beetles are attracted to these wilting trees and lay their eggs
in them. The eggs hatch within a week and the larvae feed on the inner bark and
outermost sapwood, then, bore into the sapwood to form pupal chambers in au-
tumn. The number of PWN’s reaches its maximum from autumn to winter, then,
decreases gradually (Mamiya et al., 1973; Fukushige and Futai, 1987). The pupal
chamber of M. alternatus beetles is one of the most important places for PWN.
Maehara and Futai (2002) reported that numerous PWN’s aggregated around pupal
chambers of M. alternatus in wilt-killed pine trees and that the beetles emerging in
the subsequent year harbored many nematodes in their bodies.

PWN’s, which are transmitted to healthy trees, feed on the parenchyma cells
of the trees and on fungi such as Pestalotia spp. and Rhizosphaera spp., sparsely
distributed in living trees. When the host tree is diseased, food sources of the
PWN must be replaced with various wood-inhabiting fungi such as blue-stain fungi
(Kobayashi, 1975; Kobayashi et al., 1975; Iwahori and Futai, 1990; Fukushige,
1991), though such fungi as Trichoderma spp. also inhabiting dead pines are un-
suitable for PWN propagation (Kobayashi et al., 1975; Fukushige, 1991; Maehara
and Futai, 1997).

Under field conditions, dying trees are often invade by various wood-decaying
microorganisms (Shigo, 1967), and intense competition among these microorgan-
isms brings about a succession of microbial flora and fauna. Abiotic environmen-
tal conditions, especially temperature, moisture and substrates and/or biotic factors
greatly affect the succession of organisms.

Previous studies demonstrate changes in fungal flora inhabiting dead pine trees
(Kobayashi et al., 1974, 1975; Maehara and Futai, 2000; Wang et al., 2005). Among
the fungal species isolated from wilt-killed pine trees, some have been known
to be suitable food source for the PWN, e.g., Ceratocystis sp., Diplodia sp. and
Pestalotia sp., while others were unsuitable, e.g., Trichoderma spp., Verticillium
sp. and Cephalosporium sp. (Kobayashi et al., 1974, 1975; Fukushige, 1991). Un-
der laboratory conditions, Maehara and Futai (1996, 1997) demonstrated that each
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fungal species that proliferated around the pupal chamber of M. alternatus, affected
not only PWN multiplication but also the number of PWN carried by the vector
beetle. These findings clearly indicate that fungal flora in a dead pine tree might be
one of the most determinant biotic factors for the multiplication and distribution of
PWN inside the tree.

In the present study, we inoculated 15-year-old P. thunbergii trees grown out-
doors with the PWN, investigated seasonal change of the fungal flora in the trees and
analyzed the effect of fungal flora on the distribution of PWN at the microhabitat
level. We also examined PWN propagation on fungi isolated from the field. On the
basis of the two experiments, the effect of each fungal species on the distribution
and propagation of PWN are discussed.

Materials and Methods

PWN Inoculation

A virulent isolate (S10) of the PWN, was cultured on the mycelium of Botrytis
cinerea grown on barley grain medium (unhulled barley grain 10ml; tap water
10 ml, autoclaved at 121 °C for 20 min) for 1 month. The Baermann funnel method
was used to extract the nematodes from the fungal colonies, then the number of
nematodes in the suspension was adjusted to 10,000 nematodes/ml. Inoculation of
the trees was conducted on 10 June of 2004, at Kamigamo Experimental Station,
Field Science Education and Research Center, Kyoto University located on a slope
(average inclination: 29.7°) facing east-north-east (35°04'-N, 137°31’-E, 140 m
above sea level), Kyoto, Japan. Fifteen-year-old Japanese black pines, P. thunbergii
(average diameter at breast height was 5.3 cm and standard deviation was 3.5 cm)
were inoculated as follows. An aliquot nematode suspension of 0.5 ml, containing
5,000 nematodes, was injected into a hole drilled in the bark at about 2.5 m above
ground line. Small cotton balls were placed in the hole and another 0.5 ml aliquot
of the nematode suspension was injected, i.e. 10,000 PWN’s were injected per tree.
The inoculation wound was sealed with Parafilm®. Eighteen pine trees (diameter
at breast height ranging from 3.6 to 7.7 cm) were inoculated with the PWN, and
another three trees with diameter from 5.3 to 5.7 cm were injected with the same
volume of distilled water (control treatment). The controls were needed to determine
if the trees had been infected before inoculation and to compare their results with
those of the PWN-inoculated trees.

Introduction of M. alternatus Larvae into Pine Stems

M. alternatus adults emerging from logs of dead, Japanese black pine located at
the Arid Land Research Center, Tottori University, in the Tottori sand dune, Tottori,
Japan (35°32'N, 134°13’E) where natural pine forests had been suffered from the
pine wilt, were trapped. A pair of beetles was reared in a small cage and fed young
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pine twigs for food and oviposition. After 4 days, the laid eggs were collected from
the twigs, dipped in 70% ethanol for 10s and in 0.05% benzethonium chloride for
5min, and then rinsed three times in sterile, distilled water (Kosaka and Ogura,
1990; Kosaka and Enda, 1991). The eggs were then placed in microplate wells,
each containing 500 pl of 1/10 PDA medium, and kept under aseptic conditions
until they hatched.

On 6 July 2004, when the inoculated pine trees had ceased resin exudation, the
stem of each tree was drilled at 8 points (each 25 cm apart) at a height of 75-250-
cm above ground and using a paintbrush one 1st-stage larva of M. alternatus was
introduced into each hole.

Wood Sampling

On 10 August, 13 October and 16 December 2004 and 9 February, 10 April and 10
June 2005, three trees were cut down and a 10-cm-long bole wood block was arbi-
trarily collected from each tree containing one of the M. alternatus larva-introduced
points where a pupal chamber (PC) had been made. Each of the bole blocks was
sliced into eight 1-cm thick discs, and 2 x 2cm lattices were drawn on the cut
surfaces. The discs were hen photocopied to record the position of PCs and tunnels
of M. alternatus, and each of the discs was cut into small pieces (2 x 2 x 1 cm) along
the line of the lattice. Each piece of wood thus prepared was split into two halves
(2 x 1 x 1cm). One-half served nematode extraction to investigate PWN density
and the other half was stored at 4 °C for fungal isolation.

Fungal Isolation

Within 2 days after collection of wood samples, the remaining half-cut wood pieces
(2 x 1 x 1cm) kept at 4 °C were surface sterilized for 1s on the flame of a burner
before placing them on potato dextrose agar (PDA) in a Petri dish for fungal isola-
tion. After 3-day incubation at 20 °C, various fungi with different appearance grew
on the plate. A small piece of agar with fungal mycelium was taken from each of
the colonies with different appearance grown on the plates. They were put onto malt
extract agar with chloramphenicol (2.0% malt extract, 1.5% agar, 100-ppm chlo-
ramphenicol) to establish pure cultures. This procedure was repeated every other
month, after collection of samples. Isolation of fungi from healthy trees was done
on June 2005 following the same procedure as mentioned above.

Fungal Identification

Fungal mycelia were picked up by randomly scrapping the surface with a scalpel
from the fungal cultures, bimonthly. A chemical procedure was used to homogenize
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the fungal body; the fungal cell wall was first digested by adding 50 pl of 1%
Westase (TaKaRa) solution and incubating at 30 °C for 2 h. The digested solution
was then transferred into a new 1.5 ml tube containing 100 1 of CTAB solution
and DNA was extracted and purified according to Matsuda and Hijii (1999). The
internal transcribed spacer (ITS) region of the ribosomal DNA was amplified using
primers ITS1-F (5'-CTT GGT CAT TTA GAG GAA GTA A-3') and ITS4 (5'-TCC
TCC GCT TAT TGA TAT GC-3’; Gardes and Bruns, 1993; White et al., 1990). The
product was digested with two restriction enzymes, Alu-I1 and Hinf-I1. The fungal
samples were divided into genotypes according to their PCR-RFLP patterns. When
PCR-RLFP patterns of one sample did not match those of another, the two were
considered to belong to different genotypes. Frequent genotypes, those detected
from more than 50% of the bimonthly samples, were sequenced according to White
et al. (1990) for ITS1, ITS2 and 5.8S regions of ribosomal DNA, using the primer
ITSIF and ITS4. DNA sequences were determined using a genetic analyzer (3130,
Genetic Analyzer, Applied Biosystems, USA). The DNA sequence determined for
each fungus was compared with that of known species in the GenBank database.
Identification at the genus level was based on identities above 90%. We also con-
firmed morphologically by sending the pure culture to a mycologist at the Forestry
and Forest Products Research Institute, Japan.

Representative cultures are maintained in the Mycological Collection of the
Laboratory of Environmental Mycoscience, Graduate School of Agriculture, Kyoto
University, Kyoto, Japan.

Detection Frequency of Fungal Species Isolated

For the investigation of seasonal changes in fungal flora, the presence of each fun-
gal species was determined by observing the morphology and color of the fungal
colonies grown on the PDA plate where the wood samples were placed. If a desig-
nated fungal species had been detected from a half-cut wood piece, the sample was
classified as ‘positive’, otherwise ‘negative’. To calculate detection frequency of
fungal isolates, the number of positive wood pieces was divided by the total number
of wood pieces harvested from each trees.

Analysis of Compatibility Between Each Fungal Species
and the PWN

To calculate the average PWN number over fungal positive pieces harvested from
each tree, sum of the number of PWN extracted from them was divided by sum
of their dry weight. Likewise, a harmonic average of PWN number over fungal
negative wood pieces was calculated. Here we denote the two averages as Nf and
NO, respectively. We also estimated the influence of each fungus on the population
growth and settlement of PWN using ‘nematode population ratio (NPR)’, which
is defined as the ratio of Nf to NO. This value shows relative abundance of PWN
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yielded on the samples with a given fungal species, and becomes greater than one
when a given fungus facilitates the growth or settlement of PWN population, on
the contrary it becomes less than one when a given fungus suppress the growth or
settlement of PWN population.

We also calculated the ‘Index of cohabitation ability (ICA)’ focusing on the re-
lationship between the presence of a given fungi and that of the PWN as follows;

(An +0.01) x (BO 4 0.01)

ICA = Log ,
(A0 +0.01) x (Bn+ 0.01)

where;

A0 = Total number of wood pieces which contained only the fungus, per tree,

An =Total number of wood pieces which contained both fungus and nematode,
per tree,

B0 = Total number of wood pieces which contained neither fungus nor nema-
tode, per tree,

Bn = Total number of wood pieces which contained only nematode, per tree.

This index shows the degree of co-occurrence of PWN with a given fungus, pos-
itive ICA indicating a tendency of co-occurrence, while negative one repulsion.

Results

Seasonal Changes of the Pinewood Nematode Population
in Standing Pine Trees

As shown in Fig. 1, the number of nematodes was high in August, but decreased
slightly in December then recovered in February, and finally decreased again until
the end of the experiment (June), though the data varied among individual trees
except for those of August.

Identification of the Fung