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Abstract

Frankel, Susan J.; Kliejunas, John T.; Palmieri, Katharine M., tech. coords.
2008. Proceedings of the sudden oak death third science symposium. Gen.
Tech. Rep. PSW-GTR-214. Albany, CA: U.S. Department of Agriculture, Forest

Service, Pacific Southwest Research Station. 491 p.

The Sudden Oak Death Third Science Symposium provided a forum for current
research on sudden oak death, caused by the exotic, quarantine pathogen,
Phytophthora ramorum. One hundred and seventeen submissions describing
papers and posters on the following sudden oak death/ P. ramorum topics are
included: biology, genetics, nursery, and wildland management, monitoring,
ecology, and diagnostics.

Key words: Sudden oak death, Phytophthora ramorum, invasive species,
tanoak, coast live oak.
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Proceedings of the Sudden Oak Death Third Science Symposium

Welcome to the Sudden Oak Death Third
Science Symposium1

Susan J. Frankel?

On behalf of the United States Department of Agriculture (USDA)-Forest Service,
Pacific Southwest Research Station and the California Oak Mortality Task Force, it is
my pleasure to welcome you to the Sudden Oak Death Third Science Symposium.
Looking back at the first sudden oak death science symposium held in Monterey in
December 2002, it is amazing to see how far we have come in such a short period of
time. It is hard to believe that at that point—a little over four years ago—we didn’t
even know Camellia was susceptible to Phytophthora ramorum.

It seems like yesterday when P. ramorum was first isolated and identified as the
causal agent of sudden oak death. It was the summer of 2000, and Everett Hansen
(Oregon State University) was in California for a visit. | remember my feelings of
frustration as we drove through Marin County looking at the impacted forests; my
mind was reeling with so many questions.

Why were so many coast live oaks (Quercus agrifolia) dying?

Was the same agent killing coast live oak and tanoak (Lithocarpus densiflorus)?
Was the same agent killing both the large and small trees?

Were the beetle attacks primary or secondary?

Why was the pattern of mortality so variable, starting at ridge-lines, mid-slope, or in
canyon bottoms?

Everett nodded, smiled and said, “You know Susan, someday it will all make sense.”
Well, I am still waiting for that someday, but the unfolding events and research
surrounding P. ramorum is an amazing story of discovery. It is fascinating to ponder
the current unknowns as well as the key findings that have brought us to where we
are today.

Since it is often the questions that drive the discoveries, I challenge you to carefully
consider what is presented at this symposium. Throughout this week, ask yourself
what doesn’t make sense. Ask yourself what doesn’t fit with your observations. Your
questions have been, and will continue to be, the key to our progress.

How many times have you heard, P. ramorum kills trees by inciting girdling cankers?
Yet, infected trees often die before they are completely girdled. How can this be?
Something about this answer has never seemed quite right. Recognizing this
discrepancy, research has recently been conducted to better understand how

P. ramorum Kkills trees. Without giving away too much, I will say that new findings

" A version of this paper was presented at the Sudden Oak Death Third Science Symposium, March 5-9,
2007, Santa Rosa, California.

? Sudden Oak Death Research Program Manager, Pacific Southwest Research Station, Albany, CA
94710, sfrankel@fs.fed.us.
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of P. ramorum and its spread in wood are unraveling old theories and introducing
new concepts.

So I am on a hunt for new, key questions. Where is the sudden oak death story
incomplete? We need your assistance. On Friday we are holding a research needs
assessment session to identify and prioritize future research. What problem are you
struggling with that needs to be addressed by new or additional research? What
pieces of the puzzle do you see not fitting?

As the story unfolds, we face increasingly challenging questions as well as evidence
that is sometimes hard to face. How well are sudden oak death treatments working?
Can P. ramorum be eradicated, or its spread slowed, in nurseries or forests? These
are hard problems to solve that require courage, dedication, and the ability to
continually adapt to new realities.

Often the greatest opportunity for progress comes in honest dialogue, constructive
criticism, and in continuing to wonder and ask good questions. To support a
collaborative environment, the format for this symposium has been designed to bring
all disciplines of sudden oak death and P. ramorum together.

I thank all of you for being here in spite of budget problems and winter weather. It is
exciting to see this gathering of the world’s “SOD Squad.”
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Rethinking Phytophthora—Research
Opportunities and Management®

Everett Hansen?

Introduction

It was the second week of June, 2000, the hottest weather on record in San Francisco
- hardly Phytophthora weather. But it was that week, at China Camp State Park, that
Dave Rizzo and colleagues collected the bark samples from bleeding cankers on
coast live oaks that finally moved sudden oak death (SOD) from the “cause
unknown” category to “Phytophthora disease” (Rizzo and others 2002). Research
progress has been dramatic in the last seven years. Think of the advances in
Phytophthora genetics, capped by publication of the complete genome sequence, and
its applications in diagnostics and population genetics. Think of the discovery of
other Phytophthora species with similar life styles to Phytophthora ramorum, but
apparently indigenous to the same forests. This was unexpected, and is stimulating a
resurgence in Phytophthora taxonomy worldwide. Think of the substantial efforts in
nursery disease research to understand the spread and survival of P. ramorum in this
intensely manipulated environment that are leading to development of “best
management practices,” and fewer and fewer infested nurseries. It would be
reasonable, and comforting, to use this time at the beginning of this Sudden Oak
Death Third Science Symposium to reflect on our past accomplishments. They are
many. But somehow | find myself more impressed with the challenges of the future. |
want to highlight some of the new and exciting work to be presented at this meeting,
work that is opening new research directions, and to consider the daunting and
escalating management challenges that this disease is forcing on us.

The map of the distribution of SOD in the West hasn’t changed much since the first
versions went on-line in 2001. A couple of new infested counties were added in
California, and new disease spots in Humboldt and Mendocino Counties and in the
Big Sur are troubling, but western California hasn’t turned red. The alarm comes at a
finer scale. The small patches of dead trees have multiplied, and in more and more
areas the patches are now hillsides of mortality. Tanoak mortality levels exceed 80
percent on many plots, and local extinction of the species seems increasingly
probable.

At the same time, it is becoming clear that coast live oak is less susceptible than
tanoak; perhaps the disease will prove manageable in oak woodlands. One of the
breakthroughs in research has been the realization that P. ramorum causes very

L A version of this paper was presented at the Sudden Oak Death Third Science Symposium, March 5-9,
2007, Santa Rosa, California.

2 Oregon State University, Botany and Plant Pathology, Corvallis, OR 97331.
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different diseases on its many different hosts (Davidson and others 2003, Hansen and
others 2005). Unfortunately we still have little insight into the long-term impacts of
the pathogen on the many native dieback and leaf blight hosts growing in affected
forests.

I have organized this presentation in three parts, two highlighting research that I find
particularly exciting, and a final section challenging our disease management (in-)
actions:
e Look Up!
Phytophthora epidemiology
e What’s so SUDDEN about SOD?
Pathogenesis
e Fight Them on the Beaches
Disease Management

Phytophthora Epidemiology

Phytophthora ramorum is an aerial Phytophthora. The pathogen does get into
streams and the soil and persists there, and it can infect roots under some conditions
at least. There is much left to discover about its behavior below ground. But in the
forest especially, the action is above ground.

Phytophthora ramorum is spreading in three very different patterns in the forest:

1) local intensification of disease is driven by sporangia splashing and dripping
downward from high infections; 2) the pathogen is spotting across the landscape,
initiating new disease foci, probably by turbulent dispersal of sporangia in dry air;
and 3) infected plants are moving very long distances in the nursery trade,
threatening new forest infestations in distant parts of the country and the world.
Intensive efforts to cut off the nursery pathways are having increasing success. Rain
splash dispersal is well documented now in several forest types (Davidson and others
2005; Davidson, Patterson and Rizzo, in press). It is important at distances out to 10
or 20 m from a source. Turbulent dispersal is the new story for P. ramorum.

This pathogen is well adapted for aerial spread. Both California bay (in California)
and tanoak are important hosts, supporting sporulation on leaves and twigs.
Chlamydospores are formed inside infected leaves, but in the lab at least, they also
form on the surfaces of leaves and twigs. Certainly they are transported as trees
defoliate, and are released into the soil as leaves decompose (Fichtner and others
2007). Are chlamydospores that formed on leaf surfaces free and effective inoculum
spread by rain splash? We have much to learn about chlamydospores as infection
propagules. They are built to withstand harsh conditions. What triggers them to
germinate?

Deciduous sporangia are the hallmark of an aerial Phytophthora. They form on
leaves and twigs, and are readily dislodged by rain drops. Splash dispersal is an
important part of SOD epidemiology (Rizzo and others 2005). But how to explain the
observed dispersal across hundreds and even thousands of meters? This is well
beyond the normal range of splash dispersal. Storm driven rain has been invoked, but
why not turbulent dispersal? There is ample precedent in related pathogens.
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Blue mold of tobacco, caused by the oomycete Peronospora tabacina, and late blight
of potato, caused by Phytophthora infestans, provide well documented model
systems. Both are characterized by deciduous sporangia formed on infected leaves in
the canopy of the crop. The sporangia form in relatively cool, moist air at night, and
are released into turbulent air currents as the atmosphere above the crop warms and
dries in the daytime. Clouds of sporangia may be released from infested crops, lofted
on rising turbulent air, and transported for hundreds of meters, even thousands of
kilometers in the case of blue mold, before settling out of the air, or more commonly
being washed out by rain (Aylor 1999, Aylor and others 1982, LaMondia and Aylor
2001, Zwankhuisen and others 1998). Infection at a great distance is a rare event, but
with high inoculum loads, susceptible hosts, and favorable winds with appropriate
atmospheric conditions, it happens regularly in potato and tobacco.

Is this dry air turbulent dispersal important for SOD? The evidence is yet
incomplete, but it seems likely: 1) Tanoak trees are infected in the upper
canopy, and deciduous sporangia are formed (Rizzo and others 2005); 2) The
pattern of new infections in the Oregon eradication area mirrors a classical
turbulent transport dispersal gradient (Gregory 1968) (Fig. 1); and

3) Microsatellite genotyping shows that new infections (up to 4 km distant) in
Oregon are coming from inside the infested area, not from outside (Prospero
and others 2007). When might turbulent dispersal occur? Let us suppose it
takes two days with very high humidity and temperatures 15°C for sporangia
to form on leaves (Englander and others 2006), followed by a short period of
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Figure 1—Distance between tanoak trees killed by P. ramorum and the nearest tree
killed by the pathogen in a previous year.
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warming and drying to snap the sporangia off of their stalks and establish
rising air currents. Add a gentle breeze and they are on their way. Gravity, or
cooling air, or rain will bring them down. Yes, sporangia are vulnerable to
drying and UV light, but the potato and tobacco pathogens, at least, survive
even rather harsh conditions for an hour or so (Bashi and Aylor 1983,
Englander and others 2006, Mizubuti and others 2000). | imagine a warm wet
period in Curry County in the spring, with new, vulnerable growth on the
trees. With clearing weather, rain is replaced overnight by dew and fog. The
fog breaks up as temperatures rise and the day progresses, lofting the
sporangia. Cooling air settles downslope in the evening and the fog forms
again, providing moisture now for germination of sporangia on tender new
leaves.

Phytophthora ramorum Pathogenesis

What is so sudden about “sudden oak death?” We know now that it takes at least a
year from initial infection of a tree to death, even in the very susceptible tanoak
(McPherson and others 2005). Death isn’t really a sudden process in trees, yet the
entire crown often turns red all at once. A tree is green one season and red the next.
The culmination of some of the earliest SOD work, and the initial results of new
research directions are helping us understand just how, and why, infected trees are
killed by this disease.

Oak bark beetles were among the first suspects as causal agents of SOD. We now
know that they are secondary invaders, attracted to and breeding in trees already
made attractive by Phytophthora ramorum (McPherson and others, this Proceedings).
The pathogen can and does kill oaks without the aid of beetles, but it usually doesn’t
get the chance. Oak bark beetles are ubiquitous and often humerous, and find
diseased trees quickly. Their galleries, and the staining fungi that accompany them,
quickly kill the inner bark and living cells in the sapwood, further blocking water
movement in the trunk, and leading to death of the crown. Trees attacked by bark
beetles after P. ramorum infection die more quickly than trees infected by the
pathogen alone (McPherson and others 2005).

Oak ambrosia beetles also contribute to the “sudden” appearance of the disease.
These beetles burrow into the sapwood of trees to excavate their egg galleries. Like
the bark beetles they are secondary attackers, and like the bark beetles they carry
pathogenic fungi with them that hasten death of cells and decay the wood of oaks and
tanoaks. Tanoak appears to not form heartwood. Sapwood, and ambrosia beetle
galleries, extend right through the tree. One aspect of “sudden” in SOD is sudden
breakage and collapse of the tree. This results in large part from the galleries and
associated wood decay of the ambrosia beetles.

Back to the primary agent of SOD, P. ramorum. How does it kill the tree? The new
part of the story is shifting the focus from the iconic bleeding cankers in the bark to
behavior of the pathogen in the sapwood beneath the bark cankers.
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The classical view of Phytophthora in trees focuses on bark cankers, with trees
girdled by necrosis of the inner bark, the phloem and the cambium. There have been
a few observations of other Phytophthora species in sapwood of their various hosts
(Davison and others 1994, Oh and Hansen 2007), but they attracted little attention. It
was noted early on that the sapwood behind P. ramorum bark cankers was sometimes
discolored. Both Dave Rizzo and | isolated the pathogen from sapwood on occasion
but didn’t follow up. That has now changed. Two research groups, led by Anna
Brown in England (Brown and Brasier 2007), and Jennifer Parke in this country
(Parke and others 2007), have demonstrated that sapwood colonization is a regular
and important feature of Phytophthora pathogenesis in several tree/Phytophthora
combinations, including tanoak/P. ramorum. The British are suggesting that not only
does P. ramorum survive from year to year in the sapwood, but that it also spreads up
and down the tree in the xylem, creating new bark cankers, and bleed spots, from the
inside out.

Work in Oregon has moved on to understanding the impact of xylem colonization on
pathogenesis. P. ramorum was monitored in wood by isolation, microscopy, and
PCR. Hyphae were seen in various cell types, but especially in xylem vessels.
Chlamydospores were also present in vessels, and in many cases tyloses had
ballooned through the vessel bordered pits from adjoining parenchyma cells. The net
results were visible obstructions within the xylem vessels, and impeded water flow
(Parke and others 2007).

Sap flow was monitored in green, infected trees and in uninfected trees. There was a
significant reduction in xylem water transport in infected trees, before crown
symptoms were evident. What other impacts might P. ramorum hyphae in the xylem
have on host physiology?

Dan Manter, United States Department of Agriculture (USDA)-Agricultural Research
Service (ARS) in Fort Collins, Colorado, has been working with the elicitins formed
by P. ramorum (Manter and others this Proceedings). Elicitins are a class of low
molecular weight proteins produced by Phytophthora species. They function as sterol
transport proteins, damaging host cell membranes and carrying the released sterol
molecules back to the mycelium (Bonnet and others 1996, Mikes and others 1998).
Phytophthoras require exogenous sterols for reproduction. Each Phytophthora
species produces its own specific elicitins. Dan has isolated the P. ramorum elicitins,
and compared their effects on host tissues with the effects of the intact pathogen
(Manter and others 2007). Both P. ramorum infection, and elicitin uptake from
purified culture filtrates, trigger early reductions in carbon assimilation, stomatal
conductance, and water transport. Elicitins are evidently key players in pathogenesis
(Ricci 1997).

Managing P. ramorum in Western Forests

“Fight them on the beaches, or let the new order begin”
Professor Hal Mooney, Stanford University

Dr. Mooney’s pronouncement was directed at the worldwide ecological threat from
invasive organisms in general, but it encompasses the range of disease management
situations forest pathologists face with P. ramorum very well. The fighting is fierce
and increasingly successful in the nurseries, with the quarantine and eradication
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regulations designed to keep SOD from spreading to new areas around the country
and the world. In Oregon, the forest epidemic is being confronted acre by acre, with a
local eradication campaign designed to halt the further spread on this particular front.
The situation in California is much more complex, however, with the pathogen well
established in many areas and still spreading in others.

In 2000, within a few months of identification of a new Phytophthora as cause of
SOD, Oregon had begun early detection surveys, and in 2001, within weeks of
locating the initial SOD infestations in the state, the eradication effort had begun.
Despite early detection and prompt action, six years later we have not yet succeeded
in eradicating the pathogen from its Oregon beachhead (Kanaskie this Proceedings).
The pathogen is successfully neutralized on treated sites, but it continues to jump to
new areas ahead of our eradication efforts. The net effect is a more or less stable
infestation; we have, at least temporarily, contained the pathogen by preventing a
dramatic increase in inoculum. The relative success of the Oregon effort is evident
when compared to the explosive spread of SOD in Humboldt County, California
(Fig. 2). The disease was first detected at about the same time, across roughly the
same area in the two counties.

California lacks an articulated overall strategy for ramorum management. Without
aggressive action, there is little to do except watch the “new order,” the aftermath
forest without tanoak, develop. The “no action alternative” future is increasingly
clear. We don’t need to guess any longer about the possible ecological impacts of

P. ramorum on California forests. Tanoak is rapidly disappearing from expanding
areas of Marin, Sonoma, Santa Cruz, Humboldt and Mendocino counties, and the Big
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Figure 2—Increase in tanoak forest area affected by P. ramorum from 2001-2006, in
Humboldt county, California and Curry county, Oregon.
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Sur region of Monterey County. The epidemic has created a valuable ecological
laboratory for the study of the impacts of invasive disturbance on ecosystem function,
and several labs are taking advantage of the opportunity (Rizzo and others 2005,
Maloney and others 2005). Exciting work is being done. There is still a lot of tanoak
left in other parts of the state, however, and good opportunities remain to try to stop
the further spread of the pathogen, especially to the north and east.

One obstacle to a concerted SOD control program is ambivalence about the
importance of tanoak in western forests. Tanoak has essentially a negative economic
value in the timber industry. It is most often viewed as an aggressive weed,
competing with much more valuable conifers for growing space. Its ecological values
need to be articulated more clearly, including its important roles as a mast producer
(important to indigenous peoples as well as to wildlife), and as an early colonizer and
stabilizer of disturbed sites.

It is also important to remember the economic impacts of regulatory actions triggered
by further spread of SOD. These direct losses and indirect costs are already
documented for the horticultural nursery industry. Douglas-fir is another host for

P. ramorum, unlikely to be seriously impacted in commercial forests, but still subject
to unpredictable international quarantine regulation.

It comes down to a simple question: “How serious are we about controlling SOD?”
We have learned enough in the last six years to make that a manageable question,
worthy of site specific consideration. It need not be all or nothing. The question
should be answered separately for coast live oak forests, where managing California
bay and judicious use of phosphonate may prove sufficient to save large numbers of
trees in critical landscapes. The western Sierra Nevada in California is considered at
lower risk to SOD because of climate. That suggests that the disease won’t spread as
fast there, and that aggressive eradication efforts have a better chance of success. Are
we surveying regularly for early detection, and most importantly, are we
administratively ready for prompt action when the pathogen is confirmed in the
Sierra? Who will do what, and who is going to pay for it? The same questions of
responsibility and readiness hold for the high risk forests of the eastern U.S.

Are we serious enough about stopping the northward spread of SOD to try a
landscape level approach? The answer has been “no,” in California, but that can
change. Why aren’t we using aerial applications of phosphonate to stop the advance
of this disease? They do in Australia, against a related pathogen (Hardy and others
2001). A reasonable answer would be “because we don’t know if it will work on

P. ramorum and tanoak.” But then why aren’t we trying to find out if it will work?
What about host-free barriers across the landscape? Dramatic? Certainly, and not to
be undertaken lightly, but certainly worthy of careful consideration and reasoned
debate.

Finally, I want to highlight another aspect of the SOD phenomenon. New models of
research support and collaboration have been generated that should continue to
produce benefits for years to come. The several branches of the Washington Office of
the USDA-Forest Service have been central to the program. They allocated money to
get things started, and worked with California politicians and Congress to generate
substantial and continuing support. The Pacific Southwest Research Station, and
Pacific Southwest Region of the Forest Service have been creative and unstinting

11
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coordinators of an ever expanding research and disease management program. My
California university colleagues especially have leveraged seed money from the
Forest Service into National Competitive Grants from the National Science
Foundation (NSF) and other programs, the Joint Genome Initiative, and Private
Foundations.

New patterns of cooperation and collaboration have been forged, between institutions
and agencies, between states, and internationally. The participation of our European
colleagues has been invaluable in both the science and the regulation of P. ramorum.
The California Oak Mortality Task Force is unique and invaluable. In Oregon, the
convergence of skills and commitment and camaraderie in our small team is the
highlight of my career. Thank you all.
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Eradication of Phytophthora ramorum From
Oregon Forests: Status After 6 Years’

Alan Kanaskie,? Ellen Goheen,® Nancy Osterbauer,*
Mike McWilliams,? Everett Hansen,® and Wendy Sutton®

Abstract

Sudden oak death (SOD), caused by Phytophthora ramorum, was first discovered in Oregon
forests in July 2001. Since then an interagency team has been working with landowners to
eradicate the pathogen by cutting and burning all infected and nearby host plants. During the
first two years of the eradication effort, all host vegetation within 15 to 30 m of infected
plants was destroyed. In recent years this distance has been increased to at least 100 m,
reflecting recent research findings on spread of the pathogen. On private land, all tanoaks
(Lithocarpus densiflorus) are injected with herbicide prior to cutting in order to prevent
stump-sprouting following cutting and burning. On most sites, follow-up treatments are
necessary to destroy residual host material and stump sprouts that may harbor the pathogen.
Following burning most sites are planted with non-host or conifer seedlings.

During the first four years of the eradication effort, the number of new infested sites and
infected trees remained steady or decreased each year, indicating modest success at
containment and eradication. That trend ended in 2005 when the number of new infected trees
and the amount of infested area began increasing (fig. 1). In 2006 we discovered 36 new
infested sites (143 infected tanoak trees). Two of the new sites occurred outside of the
quarantine zone: one was 1.5 km to the east and the other 2.5 km to the west of the boundary.
Each of these sites was more than 3 km from the nearest other infested site. Most of the other
new sites were small (less than 0.4 ha) and scattered near the center of the quarantine zone
along the North Fork Chetco River and its tributaries (fig. 2). The largest new site covered 4
ha and contained more than 40 infected trees. In addition to the new sites, six existing
eradication sites were expanded to include infected trees that were found near their
perimeters. We attribute this uncommon and unexpected amount of disease expansion to two
consecutive years of unusually wet spring and early summer weather. The 2006 weather, in
particular, appeared to favor long distance spread of P. ramorum.

Eradication treatments have been completed or are underway on approximately 410 ha of
forest land, at a cumulative cost of $1.5 million. Eradication costs have been funded primarily
by grants from the United States Department of Agriculture - Forest Service to the Oregon
Department of Forestry to assist private landowners with the eradication treatments. There is
no compensation to landowners for the value of timber or other resources lost as a result of
the eradication treatments. The area treated for eradication is distributed among landowner
groups as follows: private industrial (72 percent, one owner); non-industrial private forests

" A version of this paper was presented at the Sudden Oak Death Third Science Symposium, March 5-9,
2007, Santa Rosa, California.

2 Oregon Department of Forestry, 2600 State Street, Salem, OR, USA, 97310.

SUSDA Forest Service, Southwest Oregon Forest Insect and Disease Service Center, Central Point, OR.
“Oregon Department of Agriculture, Salem, OR.

Oregon State University, Department of Botany and Plant Pathology, Corvallis, OR.

Corresponding author: akanaskie@odf.state.or.us.
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Sudden Oak Death in Oregon Forests

31 December 2006
# Acres or Trees

160

| 4
140 —e— Infected Tanoak /
120 —a— Infested Acres*® /

100 1 & _ /
80 N /
60 - N /
40 - S~ -7

20

0 T T T T T
2001 2002 2003 2004 2005 2006

~

Figure 1—P. ramorum in Oregon forests: trend in number of new infected tanoak trees
and new areas infested each year (not cumulative). The estimated number of infested
acres includes new infested sites and expansions of eradication sites existing in
previous years.
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Figure 2—Location of forest sites infested with P. ramorum in southwest Oregon,
2001 through December, 2006. All infested sites have received eradication
treatments. The estimated number of infested acres includes new infested sites and
expansions of eradication sites existing in previous years.
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(18 percent, five owners); rural-residential (6 percent, 17 owners); United States Department
of Interior - Bureau of Land Management (3 percent); USDA - Forest Service (<1 percent),
and; and State of Oregon (<1 percent).

To date we have had modest success at eradication and very good success at limiting spread
and containing the pathogen to a relatively small area. Several of the treated sites appear
pathogen-free two years after treatment, and the pathogen has not expanded from these sites.
Repeated aerial surveys, ground surveys, and stream monitoring throughout southwest
Oregon have failed to detect the pathogen in forests beyond the quarantine area near the town
of Brookings. Extensive surveys from northern California to the Columbia River also have
failed to detect the pathogen anywhere except in the Curry County quarantine area.

The success of the program thus far can be attributed to a number of factors including:
thorough aerial, ground, and stream monitoring surveys that facilitate rapid detection and
response to the disease; consensus among the interagency pathologists involved; adequate
federal funding, and; cooperation from affected landowners on private and federal lands.
Continued and improved early detection surveys, rapid application of eradication treatments,
and landowner assistance are critical to the long-term effectiveness of the containment and
eradication program.

Key words: Phytophthora ramorum, sudden oak death, Oregon, eradication.
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Status of Phytophthora ramorum and
P. kernoviae in Europe’

Joan F. Webber?
Abstract

Following the recognition that Phytophthora ramorum (the cause of sudden oak death in the
U.S.) was present in Europe as well as America, emergency European Community (EC)
phytosanitary measures were put in place in September 2002 to prevent spread of

P. ramorum, and also to stop introductions of the pathogen from elsewhere. A 3 year
European project then started in 2004 to assess the risks posed by P. ramorum to trees and
environmentally important habitats in Europe. The project — ‘Risk Analysis of Phytophthora
ramorum’, known by the acronym RAPRA, involves eight research organizations in six
countries. The aim is to develop a European pest risk analysis (PRA) for American and
European populations of P. ramorum. A project objective is to disseminate results through
outreach activities, formal presentations and the project website (http://rapra.csl.gov.uk). The
website hosts an extensive database which has gathered together all the records of plants
infected by P. ramorum in EU member states, as well as information on host susceptibility
and differences between American and European populations of the pathogen.

During surveys to establish the extent of P. ramorum in the U.K., another new species of
Phytophthora was discovered and has since been named Phytophthora kernoviae. Like

P. ramorum, P. kernoviae is a serious foliar pathogen on rhododendron and also causes
bleeding stem lesions on European beech (Fagus sylvatica). The current distribution of these
two pathogens is described as well as the number of trees affected in Europe. In addition,
some of the most recent research findings that have emerged from the RAPRA project are
discussed including data on pathogen biology, breeding system and disease epidemiology, and
compared with our growing understanding of the behavior of P. kernoviae.

Key words: Phytophthora kernoviae, P. ramorum, sudden oak death, rhododendron, bleeding
canker, European ecosystems.

Introduction

Phytophthora ramorum (the cause of sudden oak death in California and Oregon) is
acknowledged as a potential threat to European trees, woodland ecosystems and other
environmentally important habitats. Only formally described and named in 2001
(Werres and others 2001), P. ramorum is recognized as a recent alien introduction to
both the U.S. and Europe’. It is currently considered to be one of the most significant
quarantine pathogens for Europe. Prior to being named, the pathogen was first

" A version of this paper was presented at the Sudden Oak Death Third Science Symposium, March 5-9,
2007, Santa Rosa, California.

? Forest Research, Alice Holt Lodge, Farnham, Surrey GU10 4LH, UK.

Corresponding author: joan.webber@forestry.gsi.gov.uk.

? Commission decision of 19 September 2002 to prevent the introduction into and spread within the
Community of Phytophthora ramorum Werres, De Cock & Man in’t Veld sp. nov. (notified under
document number C-2002 3380).
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observed infecting foliage of rhododendron in Germany in 1993, but its relevance as
the cause of sudden oak death (SOD) in the U.S. was not understood until 2001.
However, the potential risk that SOD poses to Europe resulted in the European
Commission decision of 19 September 2002. This put measures in place to stop
further introductions of P. ramorum and prevent it spreading within Member States
(MS). It included the requirement for all MS to carry out annual surveys of nurseries
(and a year later also to survey the natural environment), to establish the status of

P. ramorum in each country. In addition the European Commission funded the 3 year
research project - Risk Analysis of Phytophthora ramorum (acronym RAPRA, FP6
Project 502672) to generate information about P. ramorum that was relevant to
Europe and could inform changes to EU policy related to the pathogen.

Phytophthora ramorum in Europe

Since finding P. ramorum in southern England in 2002 (Lane and others 2003), the
U.K. has reported around 580 outbreaks in nurseries/plant retail outlets, with more in
gardens, parks and woodlands (http://www.defra.gov.uk/planth/pramorum.htm).
Elsewhere in Europe P. ramorum has been found in nurseries and formally reported
from 15 other countries: Belgium, Czech Republic, Denmark, Finland, France,
Germany, Ireland, Italy, the Netherlands, Norway, Poland, Slovenia, Spain, Sweden,
Switzerland, (although it is now considered as eradicated from the Czech Republic).
As with the U.K., hosts of P. ramorum have mainly been ornamental plants from the
genera Rhododendron, Viburnum, Camellia and Pieris.

The findings of P. ramorum outside nurseries have included public and privately
owned green areas as well as woodlands. In the U K. (mainly England and Wales
with just two outbreaks in Scotland) the disease has been confirmed at around 160
locations (http://www.defra.gov.uk/planth/pramorum.htm). Elsewhere in Europe (the
Netherlands, Germany, Ireland, Norway, Slovenia and Switzerland) the number of
findings of P. ramorum from outdoor locations varies widely but is generally much
lower than the U.K., and the majority of infestations have been on rhododendron (see
RAPRA website for more information: http://rapra.csl.gov.uk). In just two of these
countries (England and the Netherlands), P. ramorum has also been found causing
bleeding stem lesions on a range of tree species (table 1 and Brasier and others 2004).

In addition, it has become apparent in the infestations that occur beyond the
confines of nurseries, both ornamental shrubs and some tree species can suffer from
leaf and shoot infections. In the U.K. the evergreen oak, Quercus ilex, has been the
most frequently found tree with P. ramorum leaf and shoot infections. However,
other woodland species such as Castanea sativa, Fraxinus excelsior and Q. cerris as
well as ornamental species of Drimys, Magnolia, Michelia, Cinnamomum and even
Eucalyptus have been found with foliar infections (see http://rapra.csl.gov.uk). When
this occurs, the disease has usually become well established on rhododendron prior to
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Table 1—Trees with P. ramorum infected stem (bole) cankers in Europe.

Country Tree Species* Family Number
England Aesculus hippocastanum Hippocastanaeae 1
England Acer pseudoplatanus Aceraceae 1
England Castanea sativa Fagaceae 1
England Fagus sylvatica Fagaceae 6
Netherlands Fagus sylvatica Fagaceae 6
England Nothofagus obliqua Fagaceae 2
England Quercus acuta Fagaceae 1
England Quercus cerris Fagaceae 5
England Quercus falcata Fagaceae 1
England Quercus petraea Fagaceae 1
Netherlands Quercus rubra Fagaceae 8
England Schima sp. Theaceae 1
Total 34

* Data from RAPRA database on naturally infected hosts, http://rapra.csl.gov.uk

foliage of trees becoming infected. Thus it is uncertain whether foliar infection of a
European tree such as Q. ilex could sustain a P. ramorum epidemic in the same way
that tanoak or bay laurel do in the U.S. Nonetheless, it remains a possibility and
highlights the risk that this pathogen could pose to the Mediterranean holm oak
forests of southern Europe (Moralejo and others 2006).

Factors Affecting P. ramorum Disease in Europe

In the U.K., P. ramorum has been found most often in planted woodland-gardens
which host a wide range of non-native and exotic plants, but particularly where
species and cultivars of rhododendron dominate. Where it is found infecting trees in
woodlands, invariably a key understorey component is Rhododendron ponticum, an
invasive species in its own right, which has become naturalized in many areas with
acidic soils. Laboratory tests have shown that not only is rhododendron generally
highly susceptible to infection by P. ramorum, but it can also support abundant
sporulation (Denman and others 2006a, b; Morelajo and others 2007). There is no
doubt that this host has played a key role in disease escape into the natural and semi-
natural environments and the subsequent spread to trees. It is also the most frequently
infected host in non-nursery outbreaks in other European countries.

However, in ecosystems in Europe where rhododendron is less abundant or absent,
other plant species may take on the equivalent role and support abundant sporulation
by P. ramorum. Some of the most important ecosystems at risk probably include the
holm oak forest and laurisilva (‘laurel forest’) of southern Europe. These are home to
several other tree and understorey species such as Q. ilex, Rhamnus alaternus,
Viburnum tinus, and Arbutus unedo, all of which have the potential to support
moderate to high levels of sporulation (Morelejo and others 2006). Species of
Vaccinium have also been shown to be capable of supporting levels of sporulation
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similar to those observed on Californian bay laurel and therefore could potentially
sustain the disease in heathland habitats (Defra Report 2005).

Apart from the combination of trees with susceptible stems growing close to foliar
hosts infected by P. ramorum and able to support abundant sporulation, climate plays
a crucial role in disease establishment and development. To determine which parts of
Europe could be at greatest risk based on climate alone, comparisons were made in
2003 using a climate matching model (CLIMEX) to compare southern Oregon,
where P. ramorum is present, with Europe (R. Baker, Central Science Laboratory;
member of the RAPRA Consortium). The comparison was then revised based on
Meentemeyer and others (2004) and this identified the west of the U.K., Ireland and
northwest parts of France, Spain and Portugal as regions with the closest eco-climate
matching in relation to P. ramorum. Since then, the findings of P. ramorum outside
nurseries have been most common in southwestern parts of England and Wales,
where the combination of abundant understorey rhododendron and mild, often wet
climate, appears to have provided a near perfect environment for the pathogen.

Another Aerial Phytophthora, P. kernoviae

Following the initial findings of P. ramorum in nurseries in the U.K., there have been
a number of surveys; initially to determine how widely it was present and later to
monitor spread. Identification of the areas most likely to harbour P. ramorum, based
on climatic and host criteria, meant that particular emphasis was placed on surveying
woodlands and woodland-gardens in the southwest of England. These revealed that a
number of sites in Cornwall had R. ponticum and other Rhododendron cultivars
heavily infected with P. ramorum, but also found another new and invasive
Phytophthora species now named P. kernoviae (Brasier and others 2005). In much
the same way as P. ramorum, P. kernoviae appeared to be a serious foliar pathogen
on rhododendron and caused bleeding lesions on European beech (Fagus sylvatica).

Since the discovery of this new pathogen in November 2003 (Brasier and others
2004), P. kernoviae has been found extensively in an area of about 14.24 square km
(5.5 square miles) in southern Cornwall between Redruth and Falmouth which is now
defined as the Phytophthora kernoviae Management Zone or PkMZ (Anonymous
2004). It has been reported from one nursery in Cornwall, and also found at several
other sites (mainly woodland) outside the PkMZ but still in the same county. There
has also been a small cluster of outbreaks in Wales near Swansea, with a possible
link between this cluster and one of the outbreak sites in the PkMZ. The only other
occurrences of P. kernoviae in the U.K. have been limited to a single mature infected
rhododendron in a managed garden and an outbreak in a nursery, both in the north of
England and both now eradicated (Sansford 2007). Although P. kernoviae is
considered to be one of several invasive tree Phytophthoras recently arrived in the
U.K. (Brasier and others 2005), its origin is unknown and until recently it had not
been reported from elsewhere. However, in March 2006 the New Zealand Ministry of
Agriculture and Forestry announced findings of P. kernoviae in two separate
localities on the North Island in New Zealand. At one of the sites it had caused
necrosis on the shoots and fruits of cherimoya (4nnona cherimola), and at the other
site in the Trounson Kauri Park it had been isolated from soil. The status of

P. kernoviae in New Zealand, either as a native or introduced species, has yet to be
clarified.

22



Proceedings of the Sudden Oak Death Third Science Symposium

Various aspects of the biology and epidemiology of both P. ramorum and

P. kernoviae have been studied and compared. Both are aerial Phytophthoras which
infect and sporulate abundantly on rhododendron, and both produce caducous
sporangia. The two species apparently thrive under the same climatic conditions and
can cause lethal bleeding cankers on mature trees and even overlap at the same site.
This can lead to very intimate contact between the pathogens, and they have been
found infecting the same rhododendron plant and even both causing separate
bleeding cankers on the same tree (Brown and others 2006).

So far the range of tree species that P. kernoviae has been found infecting is much
smaller than has been recorded for P. ramorum. The majority of trees with cankers
caused by P. kernoviae consist of beech (around 55 in total), with two oaks

(Q. robur) and one Liriodendron tulipifera infected. Lesion extension has been found
to be very rapid in some trees, and can result in tree mortality in just a few years. As
with P. ramorum, P. kernoviae infects the foliage of some ornamental shrubs (Beales
and others 2006) but the host range is much smaller (primarily Rhododendron and
Pieris). Some tree species have also been found with infected foliage; this includes a
wide range of Magnolia species (Denman and others 2005), Q. ilex, Michelia
doltsopa and Drimys winterii (S. Denman, unpublished data). There are also several
critical differences between the two Phytophthoras. Not least, the two pathogens
have different breeding systems: P. ramorum is heterothallic (Werres and others
2001) whereas P. kernoviae is homothallic (Brasier and others 2005). To date

P. kernoviae has only been found in two nurseries in England, whereas P. ramorum
has been found in close to 600 nurseries and garden centers throughout the U.K.

New Research Findings

Research has now been underway on the biology and epidemiology of both these
Phytophthora pathogens for at least 4 years in Europe via RAPRA and other projects.
The findings feed into the PRAs that are being undertaken to assess the risk that these
pathogens pose to the U.K. and elsewhere in Europe. The outcome of work testing
susceptibility to P. ramorum on more than 260 species and reports of 140 naturally
infected host species in Europe are given in two large databases on the RAPRA
website (http://rapra.csl.gov.uk). Even though susceptibility tests often introduce
inoculum via wounds, it has been shown that zoospores of P. ramorum can penetrate
mature, intact bark of tree species such as beech (F. sylvatica), sweet chestnut

(C. sativa) and Douglas fir (Pseudotsugae menziesii) leading to infection (Brasier and
Kirk unpublished). Phytophthora ramorum and P. kernoviae have also been
recovered from discolored xylem 5 to 25 mm below exposed sapwood surfaces of
naturally infected trees more than two years after the overlying bark was removed.
Both pathogens probably commonly occupy xylem beneath phloem lesions and
persist and even grow in that tissue (Brown and Brasier 2007). There is also evidence
of the development of fungicide resistance in P. ramorum. In one study, around 25
percent of a sample of 71 P. ramorum isolates obtained mainly from infected nursery
plants from various European countries showed resistance to the chemical
metalaxyl-M (Wagner and others 2004).

Understanding the breeding system of P. ramorum and the potential for interbreeding
between European and American lineages of P. ramorum (Ivors and others 2006)
remains central to assessing the risk this pathogen poses to Europe and indeed other
parts of the world. As a heterothallic species, both Al and A2 mating types are
required for sexual recombination in P. ramorum and the European lineage is
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predominantly A1 whilst in the U.S. it is A2. Extensive testing of isolates from
Europe and America as part of the RAPRA project has confirmed this separation
between continents of the mating types with two exceptions (Werres and others
2007). These are 1) findings of A1 European lineage in nurseries in Oregon and
Washington state (Hansen and others 2003) and 2) the discovery of at least three
isolates in Belgium which appear to be of European lineage but of A2 mating type
(minutes of the EU Plant Health Standing Committee meeting on 26—27 November
2006). Moreover, in studies which looked at the success of mating between Al and
A2 isolates of P. ramorum, a surprisingly high frequency (average about 57 percent)
of gametangia were abnormally developed or contained visibly aborted oospores; an
even higher proportion were classified as non-viable following vital staining (Brasier
and others 2007). Despite this, although the frequency of viable, mature oospores in
P. ramorum is comparatively low (compared with other Phytophthora species), there
is clearly potential for genetic recombination of P. ramorum via the sexual stage.

However, probably some of the most striking, recent findings about both P. ramorum
and P. kernoviae relate to the discovery of asymptomatic aerial infection following
exposure in the field to these pathogens. Furthermore, there is evidence of
sporulation from some of these asymptomatic leaves and fruits (Denman and others
2007). Infected but symptom free roots may also harbour P. ramorum. Following
exposure to zoospores and a period of incubation, potted Rhododendron plants were
examined using microscopy and revealed there were P. ramorum chlamydospores
visible in the roots but no evidence of necrosis (Reidel and others 2007). Both
findings have clear implications for the control of disease spread by these pathogens,
particularly for the nursery trade.
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Determining the Effectiveness of the
Federal Order/Interim Rule on Phytophthora
ramorum Dissemination in Nurseries®

Karen Suslow?
Abstract

When we examine the nursery survey data over the past 3 years, we find that in the western
states, the number of Phytophthora ramorum-infested nurseries found via nursery inspections
or surveys has dropped by more than 50 percent from 2004 to 2006, from 110 nurseries to 50,
respectively. The percent of nurseries found to be infested compared to the number of
nurseries inspected was at 1 to 2 percent. There were three main factors that were responsible
for, or influenced, the decline from 2004 to 2006:
1. The sudden oak death Federal Order which was signed in 2004 and implemented in
January 2005.
2. Grower trainings which were conducted beginning in January through March, 2004,
sponsored by the California Oak Mortality Task Force (COMTF) and
3. Critical nursery research that was being identified and conducted.
In order to continue the trend, the United States Department of Agriculture-Animal and Plant
Health Inspection Service (USDA APHIS), National Plant Board (NPB) and the nursery
industry are working together on advanced training for growers, additional inspections of
high-risk plants and piloting a voluntary best management practices (BMPs) program in the
three western states in 2007. Thus as the regulations are pulled back, the BMPs may serve as a
stepping stone to a clean stock-like program for all interstate shippers of nursery stock in the
United States.

Key words: Phytophthora ramorum, sudden oak death.

When | was asked to give a talk at the Sudden Oak Death Third Science Symposium,
I looked back at my previous talks and noted that | have spoken at length on the
challenges that the industry and regulators face when working with a newly
introduced pest. In reviewing the past 5 years, | would like to focus on how effective
the majority of the regulations have been at minimizing the dissemination of the
pathogen on nursery stock shipped interstate.

When we examine the inspection and survey data over the past 3 years, we find that
in the western states, the number of infested nurseries found via nursery inspections
or surveys has dropped by more than 50 percent from 2004 to 2006, from 110
nurseries to 50, respectively.

The percent of nurseries found to be infected compared to the number of nurseries
inspected was at 1 to 2 percent.

L A version of this paper was presented at the Sudden Oak Death Third Science Symposium, March 5-9,
2007, Santa Rosa, California.

2 Hines Horticulture, Inc., 8633 Winter Rd., Winters, CA.
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There were three main factors that were responsible for, or influenced, the decline
from 2004 to 2006:
1. The sudden oak death Federal Order which was implemented in January
2005.
2. Grower trainings which were conducted beginning in January through
March, 2004, sponsored by the COMTF.
3. Critical nursery research that was being identified and conducted.

The introduction of the Interim Rule led to the annual nursery inspections with a
focus on Phytophthora ramorum-like symptoms and buy-in restrictions on nurseries
that shipped host and associated host plants (HAP) interstate. Interstate shippers of
HAP, if purchasing plants from other vendors, were required to purchase the product
from nurseries that also possessed a USDA sudden oak death (SOD) Compliance
Agreement or appropriate phytosanitary certification.

However, prior to the introduction of the Federal Order in January of 2005, buy-in
pathways from Europe and British Columbia were not monitored in nurseries from
other parts of the country. The front door was guarded in that nurseries in the rest of
the U.S. put restrictions on product coming from the western states, but they failed to
block the back door which was open to trade from potentially infected countries. My
feeling is that the same situation existed for nurseries in the west coast prior to the
establishment of the federal Emergency Order.

| feel that finds in nurseries from 2003 to 2006 are reflective of unrestricted trade in
the late 90s and early 2000 between potentially infested states and between
potentially infested countries. The pathogen entered the trade on the west coast,
whether via nursery stock or the native environment, the inoculum built up in
nurseries and it was not until 2003 to 2004 that the first noticeable finds occurred in
nurseries shipping interstate.

Secondly, in addition to the Interim Rule, growers were made aware of the symptoms
of the disease on ornamental plants, where the disease was found in nature, and,
through grower trainings, were engaged in a broader scale discussion and review of
BMPs for the prevention of the introduction of P. ramorum into a nursery operation.

Lastly, the nursery industry had identified needed research which would enable
policies to be based on sound science (this continues to be work in progress).

We discussed the factors that influenced or contributed to the trend from 2004 to
2006, but what additional factors can we implement that will continue to influence
this trend going forward? Let’s analyze the data and determine what has been
effective in reducing the occurrence of the pathogen in nursery trade. In quarantined
counties, it has been suggested that the monthly inspections of interstate shippers of
HAP has prevented potentially infected material from being shipped out of state.
Conducting the inspections during the time of year when the disease is most
prevalent (during the transition period from fall to winter and from winter to spring)
has been shown to be far more successful at finding the disease on ornamental crops
than inspections during off times.
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The data also indicates that approximately 90 percent of the time, if there is an
infection, a high risk (HR) plant, camellias and rhododendrons, is the ornamental
plant found infected or associated with another infected plant.

So with that in mind, APHIS, the NPB and nursery industry discussed and identified
that additional inspections are needed of HR plants that are shipped interstate and, if
funding is available, for medium risk genera, such as Pieris, Viburnum, and Kalmia.
Additionally, monthly inspections of HR plants by trained nursery personnel were
proposed. COMTF, along with The California Department of Forestry (CDFA), The
United States Department of Agriculture-Forest Service (USDA-FS) and the nursery
industry in California will conduct trainings for growers up and down the state,
similar to the trainings offered in 2004. Oregon is also formulating a training plan.

With regards to recurrent or repeat nurseries... those that have been found to be
infected a second or third year likely due to their soil or water being infested, these
nurseries need the attention of researchers to identify an effective method of
soil/water remediation. There will be several talks during this conference focusing on
soil cleanup.

Finally, as we roll into 2007, we need to focus on risk mitigation measures to prevent
the introduction of P. ramorum, as well as other pests and pathogens, into nursery
operations. The BMPs or risk mitigation measures were designed by researchers,
regulators, and industry for the sole purpose of assisting nursery growers in
identifying areas of risk in their operations. Preliminary discussions have been
occurring with regards to a pilot program of the BMPs in the western states. The
objective would be to create a pilot program for 2007, learn what is and is not
successful, so that by the time the Emergency Order sunsets, we will have a viable
program in place, which could potentially be the BMPs. The BMPs could then be a
stepping stone to a clean stock-like program in the future.

The criteria for the pilot program may be as follows:

e Be conducted in the western states; include small, medium and large
facilities in both quarantined and regulated counties.

e The nursery participating in the pilot program would partner with the state or
county agriculture department and determine the BMPs that are appropriate
for a particular nursery based on a wide range of factors, including the
physical location of the nursery - whether it is located in a quarantined or
regulated county, geographical location — hilly terrain, streams on property,
environmental factors, crops grown and type of nursery — in-ground,
containerized, greenhouse. Auditing of the program could occur annually or
whenever the nursery modified their operations.

How could auditing of voluntary BMPs be accomplished? First, the following criteria
would need to be identified before the appropriate BMPs could be suggested. A
number of nurseries have already gone through the process of identifying needed risk
mitigation measures to prevent the introduction of pathogens into their operations.
The BMP pilot program would be documenting what the nursery currently has in
place, ensuring that the program contains all the components of the BMP program
and auditing it.
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Secondly, a customized workbook could be created for each pilot site. Currently draft
standardized documentation sheets for each BMP are being created which identify
how a practice is being addressed. If the BMP is deemed appropriate for the site, then
the “site specific nursery’ check-off box would be marked. If the practice were not
appropriate, the ‘N/A’ box would be checked. The draft BMP documentation sheets
will be vetted to the industry and regulators. These would create the framework for
the workbook.

So for example, if this recommended BMP were selected as appropriate for a nursery,
“Avoid or minimize accumulation of standing surface water in containerized high-
risk plant beds” then the following documentation of irrigation practices would be
completed. The options to check off are:
o Sufficient drainage available to prevent standing water in high risk
production areas.
e High risk plants are grown on benches which allow for drainage.
e Gravel or other highly permeable surface under HR plants allows for water
drainage sufficient to prevent standing water.
o Slope of land drains water away from HR production areas.

Another example of a recommended BMP with documentation is:
“Avoid overhead irrigation of high-risk plants. Irrigate in a manner to avoid
prolonged leaf wetness of 12 hours or more.” The options are:

e Overhead irrigation is not used on HR plants.
Timing of overhead irrigation is early enough to allow for leaf drying.
Circulation fans are used.
Plant spacing is adequate and allows for foliage to dry within 12 hours.
Other methods are used to minimize leaf wetness (explain).

In addition, Tuesday night the California Oak Mortality Task Force nursery
committee, which is open to everyone, will meet to review and update the most
current nursery research needs list. This list will be the basis for research that will be
conducted at the W501 mock nursery site in California. Talks are ongoing in
Alameda County with regards to a 7.28 ha (18 acre) parcel, five of which we are
interested in setting up as a mock nursery. Kathy Kosta and Nik Griinwald will be
giving an update at the nursery committee meeting.

We hope to have a diagnostics firm working with the researchers at the mock nursery
to design simple, fast, accurate, field diagnostics for the detection of P. ramorum
infected plants.

So as we move into 2007 and beyond, we expect the positive trend in the reduction of
infested nurseries to continue as we utilize the BMPs as a potential stepping stone
towards a long-range goal of a ‘clean stock-like program’ for all interstate shippers of
nursery stock in the U.S.
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An Update on Phytophthora ramorum in
European Nurseries®

David Slawson,? Jennie Blackburn,? and Lynne Bennett?

Abstract

Emergency phytosanitary measures to prevent the introduction into and spread within the
European Union (EU) of Phytophthora ramorum Werres, De Cock & Man in 't Veld. have
been in place since 2002. Surveillance across the EU, has confirmed the presence of

P. ramorum on nurseries and retailers in 15 member states. Phytophthora ramorum has been
confirmed on 14 plant genera at nurseries and retailers, with 96 percent findings being made
on Rhododendron, Viburnum and Camellia, which are the three genera currently regulated for
internal movement within the EU. More detailed analysis of data from England and Wales
shows that rigorous enforcement of the emergency measures can result in very encouraging
reductions in compliance infringement both in terms of documentary errors and findings of
P. ramorum on certificated material. Furthermore, the percentage of inspections positive for
P. ramorum and the number of outbreaks at nurseries and retailers has shown similar and
encouraging reductions between 2002 and 2006. P. ramorum has, however, continued to be
found in the EU on commercially-traded plants, which indicates that the emergency
phytosanitary measures have not been completely effective. Any future revisions to the
measures need to take account not only of emerging results from on-going research and
surveillance but also of compliance costs to official services and to the commercial nursery
stock industry in relation to benefits.

Keywords: Phytophthora ramorum, sudden oak death, European Union, emergency
phytosanitary measures.

Introduction

Emergency phytosanitary measures to counter the threat posed to the European
Union (EU) from Phytophthora ramorum were introduced in September 2002
(Anonymous 2002). These measures were amended in April 2004 (Anonymous 2004
a, b) and again in March 2007 (Anonymous 2007). In summary, the current measures
require member states of the EU to conduct official surveys, to apply import controls
and internal movement controls on Rhododendron spp. L., Viburnum spp. L. and
Camellia spp. L. and to require that eradication measures are taken against findings
of P. ramorum at places of production. Nurseries are subject to at least two official
inspection visits to confirm place of production freedom, and any findings of

P. ramorum require further eradication measures. The latest revised eradication
measures consist of the destruction of infected plants, susceptible plantsina2 m
radius of infected plants and destruction of associated growing media. Appropriate
hygiene measures must also be applied to the standing surface. Movement controls
are also required on all susceptible plants in a 10 m radius of infected plants and on
any remaining plants in the affected lot. These plants must be held for at least 3
months, during which they must not be treated with any anti-Phytophthora

L A version of this paper was presented at the Sudden Oak Death Third Science Symposium, March 5-9
2007, Santa Rosa, California.
2 Dr. David Slawson, Principal Plant Health & Seeds Inspector, Defra, david.slawson@defra.gsi.gov.uk.
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fungicides, and they must be visually inspected at least twice to confirm freedom
from P. ramorum. All other susceptible plants on the premises must also be subject to
official inspection. Consignments of Rhododendron, Viburnum and Camellia moving
within the EU must be accompanied by a “plant passport”, which is in effect an
official document confirming that the plants comply with required official measures.

This paper provides an initial analysis of the effect of these measures on the
prevalence of P. ramorum during the period 2004 to 2006.

Results

European Union

Survey results of nurseries and retail premises for the years 2004, 2005 and 2006
show that P. ramorum has been found on plant species in the following genera:
Rhododendron, Viburnum, Camellia, Pieris, Kalmia, Leucothoe, Magnolia,
Osmanthus, Laurus, Salix, Taxus, Arbutus, Hamamelis, and Syringa. The incidence
of findings on individual genera is not available for the EU but data from England
and Wales for the same period show that 96 percent of findings of P. ramorum at
nurseries and retail premises have been on Rhododendron (47 percent), Viburnum
(41 percent) and Camellia (8 percent). Results also show that P. ramorum is present
in the following EU countries: Belgium, Czech Republic, Denmark, Estonia, Finland,
France, Germany, Ireland, Italy, the Netherlands, Poland, Slovenia, Spain, Sweden,
and the United Kingdom. The results show that a fairly consistent survey regime, in
terms of visual inspections and laboratory testing of samples, has been maintained
across the EU (fig. 1), and encouragingly there has been a steady reduction in the
number of new outbreaks on nurseries and retailers from 255 in 2004, to 203 in 2005
and to 108 in 2006.

(a) Visual Inspections (b) Laboratory Tests (c) Outbreak Sites
40000+ ; 300
33343 o0 2313 255
35000
3 5000-1 250-1
30000 203
| 4000 200
25000 3148
20000 3000+ 150
108
15000
2000 100
100001
1000- |
5000 50
0 o4 o4
2004 2005 2006 2004 2005 2006 2004 2005 2006

Figure 1-EU Nursery and retailer survey results 2004-2006. Number of (a) Visual Inspections, (b)
Laboratory Tests and (c) Outbreak Sites.

England and Wales

More detailed data are available for England and Wales. Over the period 2003 to
2006, the incidence of documentary infringements (where an infringement represents
either the absence of a “plant passport” or an incorrect “plant passport”) fell from 109
in 2003 to 5 in 2006, a reduction of 95 percent (fig. 2); findings of P. ramorum on
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“plant passported” consignments fell from 128 in 2003 to 20 in 2006, a reduction of

84 percent (fig. 3), and the percentage of inspections that were positive for

P. ramorum fell from 2.7 percent in 2003 to 0.8 percent in 2006 (fig. 4). The number
of outbreaks of P. ramorum at nurseries and retailers in England and Wales has also

reduced over the period, from a peak of 161 in 2003 to 34 in 2006 (fig. 5).

120 109 140 128

100+ 120

100+
80

80

60
60

401
404

20+

20

2003 2004 2005 2006 2003 2004 2005 2006
Figure 2-Number of Documentary Infringements Figure 3-Number of findings of Phytophthora
in England and Wales (2003-2006). ramorum on "Plant Passported” consignments in

England and Wales (2003-2006).
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Figure 4—Percentage of inspections positive Figure 5-Number of outbreaks at nurseries and
for Phytophthora ramorum in England and retailers in England and Wales (2002-2006).

Wales (2003-2006).

Discussion

The tentative conclusion of this trend analysis is that the required official measures
can, if rigorously applied as they have been in the England and Wales, reduce very
significantly the incidence of P. ramorum moving on commercially traded plants.
The measures, however, have not been completely effective, and P. ramorum has
continued to be found at nurseries and retailers in many countries of the EU. It is
hoped that results of on-going research and surveillance will enable the measures to
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be refined in order to increase their effectiveness. Some support to the importance of
continued action on places of production is provided by results emerging from
epidemiological modelling studies on P. ramorum. These results indicate a “scale-
free” network, for which it is postulated that action at the critical “nodes” (in other
words, the places of production) will be highly effective at limiting future spread
(Jeger and others 2007). Any future revision must also take account of the high costs
of compliance to official services and to the commercial nursery stock industry in
relation to benefits to the trade and to the environment.
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Canadian Phytophthora ramorum
2006 Update®

Ken Wong?
Abstract

Annual national surveys for Phytophthora ramorum have been conducted in Canada
since 2002. Over 37,361 samples were taken in 2006, which focused on 251
wholesale and retail nurseries across Canada that were either growers or importers of
host plants. In 2006, the national survey detected P. ramorum at one wholesale and
four retail nurseries in the province of British Columbia. To-date in Canada, there has
only been regulatory incidents of P. ramorum at nursery businesses, restricted to
areas of the Lower Mainland, VVancouver Island and Sunshine Coast of British
Columbia. Trade in nursery plants with currently known infested states is thought to
be the source of inoculum for these nurseries. The Confirmed Nursery Protocol or
Enhanced Confirmed Nursery Protocol has been implemented to eradicate

P. ramorum at these sites.

The Confirmed Nursery Protocol, employed at the four retail nurseries, involves: the
quarantining of all P. ramorum hosts until the completion of a delimitation survey;
destruction of infected block(s) of host plants; destruction of cull pile(s); sampling of
water and soil; as well as a ninety day quarantine of host plants that are found within
ten meters of destruction block(s).

An Enhanced Confirmed Nursery Protocol was developed for the repeat wholesale
nursery. A number of factors unique to this wholesale nursery are thought to have
contributed to the severity of the situation, such as crowding of plants, overhead
watering in greenhouses and flooding. This protocol was developed to increase the
success of eradication and required: restricted plant movement at the nursery;
intensive survey and sampling of all plant genera; the quarantining of all plants
within ten meters of the destruction block(s); and increased soil sampling and water
baiting. A total of 8,772 plant samples, 185 soil samples, and 43 water samples, were
taken at this wholesale nursery. Five soil positive areas and the following five new
host genera were found as a result of this protocol: Distylium myricoides Hemsl.,
Manglietia insignis Blume, Parakmeria lotungensis ( Chun & C.H.Tsoong )
Y.W.Law, llex purpurea Hassk., and Loropetalum chinense Oliver. Plant destruction
was accomplished by deep burial or burning, while soils were either fumigated or
covered with concrete. To further ensure success, mandatory management practices
were implemented such as: restrictions on the movement of plants, soil, staff,

1 A version of this paper was presented at the Sudden Oak Death Science Third Symposium, March 5-9,
2007, Santa Rosa, California
2 plant Health, Production and Biosafety, West, Government of Canada, Burnaby, B.C.
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equipment; recording of all plant locations; training of staff; a visitor policy; plant
debris management and sanitation requirements.

Eradication efforts for P. ramorum in Canada however, come at a cost and
necessitate a constant assessment of the regulatory approach. Canadian regulators
will need to keep in mind gquestions the questions listed below.

What are we learning from science?

Is the risk to Canada lower than once feared?

Has uncertainty been reduced?

Do we need a more aggressive approach for repeat nurseries?

Would a certification program for high risk host plants help?

How are trading partners viewing the situation?

From a risk management perspective, where to draw the line?

Key words: Phytophthora ramorum, British Columbia, Confirmed Nursery Protocol,
Enhanced Confirmed Nursery Protocol, new host plants.
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Phytophthora ramorum and P. kernoviae:
Regulation in the European Union’

Stephen Hunter?

Abstract

The history of the regulation of action against Phytophthora ramorum and P. kernoviae in the
EU and U.K. is briefly summarised. For the former there are EU controls on the import of
host plants, and the internal regime of plant passporting has been extended to cover
Rhododendron, Viburnum and Camellia. There are also requirements relating to containment
and eradication at infected nurseries. For P. kernoviae the U.K. has taken action through
national legislation which includes the introduction of a management zone in the most heavily
infected area of Cornwall. Some pilot work on the clearance of Rhododendron has also
occurred. In the UK. funding for the Phytophthora Programme will run out during 2007/08
and a scientific and policy review will take place in order to set the direction of long term
policy for both pathogens. This will involve a public consultation later in 2007. Future policy
actions are likely to be discussed in the EU Plant Health Standing Committee in 2008.

Key words: Phytophthora ramorum, Phytophthora kernoviae, European Union, regulation.

History of EU and U.K. Legislation

Phytophthora ramorum

Regulatory action against Phytophthora ramorum falls under Article 16 of the
European Union Plant Health Directive. Member States must report new pests or
pathogens and can take emergency action to contain or eradicate them. Such action
has to be reported to the EU Commission which then considers them with experts
from the Member States at the Plant Health Standing Committee, normally within
three months. The Standing Committee may then adopt EU-wide emergency
measures which supersede any national ones already introduced.

The first finding of P. ramorum in the U.K. was at a nursery in April 2002. The
Government introduced emergency measures in May 2002 and these were replaced
by an EU Decision in the following November. Subsequently the Decision has been
amended twice, in April 2004 and February 2007.

The original measures placed controls on the importation of host species into the
European Union from third countries. The established internal EU plant passporting
regime was extended to include the two most common hosts Rhododendron and
Viburnum. Containment and eradication measures were introduced at nurseries where
infection was found. The first amendment in 2004 extended the list of host species
covered and included Camellia in the plant passporting regime. Notification of
suspect occurrence by producers was made mandatory, already a generic requirement

! A version of this paper was presented at the Sudden Oak Death Third Science Symposium, March 5-9
2007, Santa Rosa, California.
? Dr. Stephen Hunter, Deputy Director (Plant & Bee Health), Defra, stephen.hunter@defra.gsi.gov.uk.
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under U.K. legislation. An obligation to take, at least, containment measures at non-
nursery outbreaks was introduced. In 2007 further adjustments were made to the host
list in light of international findings. Inspections of host plants at nurseries were
increased to at least two per year. Further changes await the outcome of an EU-
funded research project called RAPRA.

The number of outbreaks at nurseries and garden centres in England and Wales is
shown in figure 1. In addition to fulfilling EU legislative requirements the U.K.
introduced a regime of inspection which involved four visits annually to nurseries
and an increased level of checks on material arriving from the rest of the EU.

The success in reducing the level of outbreaks in England and Wales from a peak of
161 in 2003 to 34 in 2006 will allow a reduction in nursery inspections to three and a
lower level of checks on material of EU origin during 2007. However, this level of
inspection is being kept under review.

Phytophthora ramorum - Number of oubreaks on Nurseries
and Garden Centres in England & Wales
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Phytophthora kernoviae

A new species, Phytophthora kernoviae, was first found in the U.K. in 2004 during
surveys for P. ramorum in Cornwall. Recently, New Zealand became the only other
nation to find this pathogen. The U.K. introduced emergency measures in the same
year. Surveys and inspections now routinely cover both species. There have been
only two nursery outbreaks and eradication action has been successfully undertaken
at both sites. The remaining outbreaks are non-nursery in nature and are
predominantly in the county of Cornwall. Given the nature of the outbreaks in
Cornwall the U.K. introduced legislation establishing a management zone for

P. kernoviae. The movement of host material from the zone is prohibited except with
the authority of an inspector and there is a power to close rights of way (footpaths
with historical public access). The management zone approach allows the coverage
of about 2,000 households without having to issue individual notices. Outbreaks
outside the zone are dealt with as for P. ramorum through the issue of individual
notices. In addition to these legislative measures some public money has been used to
carry out Rhododendron clearance from high risk sites on a pilot basis.
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The U.K. reported these measures to the EU Commission and Standing Committee.
Other member states have been asked to test for both species during the annual
P. ramorum survey.

Future Policy

U.K. Consultation

In the U.K. the situation appears to have stabilized with a continuing reduction in the
number of outbreaks on nurseries and the majority of non-nursery outbreaks of both
pathogens being located within the southwest of England. However, the additional
government funding provided for the Phytophthora Programme will have been
exhausted by March 2008, probably earlier. Before a future policy approach can be
determined there will need to be a formal public consultation during the autumn of
2007. Unlike previous consultations this will present options for longer term policy
rather than for emergency precautionary action. The existing funding was never
designed to resource a full scale Rhododendron clearance programme in infested
areas. The current pilot scale clearance activities will need to be evaluated and a cost-
benefit analysis of such work undertaken.

The consultation will need to be based on agreed data and experience and on an
analysis of the state of science regarding these two pathogens. There will be the
results of the RAPRA project to be taken into account if they are available in time
and a P. ramorum data sheet agreed by international scientists. The pest risk analysis
(PRA) will have to be relevant to the U.K. and EU. Key questions for the U.K. will
need to be answered separately for P. ramorum and P. kernoviae. From a policy
perspective, we will need to know the extent of the current damage caused by these
pathogens and what would happen without controls? What sort of mitigation might
work? How do the risk pathways operate and who should bear the cost of any control
activities or of the damage caused by the pathogens?

The format of the consultation will be agreed and managed by the U.K inter-
departmental Phytophthora Programme Board who will be assisted by science and
industry liaison sub-groups. The public consultation will last 12 weeks with the
documents and background information placed on relevant government websites.
There will also be a number of public meetings. The results of the consultation will
be placed in Parliament and will inform future policy action and the U.K. negotiating
position during any subsequent EU review.

EU Policy Review

There is likely to be a review of the amended EU Decision relating to P. ramorum
and P. kernoviae during 2008. This will consider the technical detail of the Decision
such as host lists, eradication requirements and whether any particular treatments
(chemical or otherwise) should be banned, encouraged or mandated. However, more
fundamental questions about whether action on non-nursery outbreaks should be left
to the discretion of Member States and whether action on P. kernoviae should be left
to U.K. discretion will also be asked. Ultimately, Member States will be asked
whether the emergency measures should be made permanent or dropped.
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The EU review will be undertaken by the Standing Committee and will be based on
output by the RAPRA project. Member States may well hold a wide range of views.
The Commission will attempt to gain a consensus but could call a vote in order to
obtain a decision on the way forward.
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Natural Outbreaks of Phytophthora
ramorum in the U.K.—Current Status and
Monitoring Update’

Judith Turner,? Philip Jennings,? Gilli Humphries,? Steve Parker,?
Sam McDonough,? Jackie Stonehouse,? David Lockley, *
and David Slawson?

Abstract

To date (February 2007) there have been 160 outbreaks of Phytophthora ramorum in gardens
or woodlands in the U.K. Current EU policy requires that appropriate measures be taken to
contain P. ramorum in such situations. In the U K., the measures have either been aimed at
eradication, through destruction of infected plants, or at containment to minimise the risk of
P. ramorum being spread from the site to other areas. Of the 160 natural outbreaks recorded,
123 are ongoing, whilst the remainder are considered to have been eradicated as no further
plant infections have been recorded, although in some cases the pathogen may still be
detected as residual inoculum in soil or water. Monitoring of residual inoculum levels in
soil/leaf debris has been carried out monthly for a period of up to three years in several sites
in the south of England to investigate the extent of contamination within the gardens or
woodlands and to quantify the effect of season on variation in inoculum levels. A number of
the gardens were also found to be infected by P. kernoviae and in those situations the
monitoring was extended to include both pathogens. A range of methods for monitoring levels
of P. ramorum and P. kernoviae has been evaluated for routine use within the project. Initially
samples were analysed using rhododendron leaf bait methods followed by isolation and
identification on selective agar. All positive identifications were then confirmed using Real-
Time Tagman PCR (polymerase chain reaction). More recently, PCR methods have replaced
isolation and identification steps and have been used to develop more quantitative
methodologies for monitoring seasonal changes in inoculum levels. Results have confirmed
that the pathogens can survive and establish in the U.K. environment and that inoculum levels
fluctuate in response to seasonal weather factors. During 2006, additional studies have been
carried out to monitor inoculum movement from infected plants and has confirmed long
distance (>50m) dispersal during wind-driven rain.

Key words: Phytophthora ramorum, sudden oak death, Phytophthora kernoviae, monitoring,
eradication, dispersal.

! A version of this paper was presented at the Sudden Oak Death Third Science Symposium, March 5-9,
2007, Santa Rosa, California.
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Introduction

Outbreaks of Phytophthora ramorum in large managed gardens were first detected in
the U.K. in 2003 and a research programme was commissioned by Department for
Environment and Rural Affairs (Defra) to monitor residual contamination in affected
areas following eradication action. The monitoring was aimed at investigating key
questions to inform risk analyses for the pathogen in the U.K. These included
seasonal pathogen survival, the levels of pathogen persistence in water, leaf litter and
soil, and inoculum dispersal in the presence/absence of rainfall. Originally, the
monitoring was focused on P. ramorum but was extended to include P. kernoviae
when it was discovered in late 2003. The project has tested and validated a range of
monitoring methods including the use of quantitative PCR for detection of very low
levels of inoculum in soil and water.

Materials and Methods
Sites

Levels of residual inoculum remaining in soil and water following removal of
diseased plants were monitored at a number of sites in southern England between
2003 and 2006. For the purposes of this paper, monitoring data are reported from
three sites (A, B, C), which are representative of the findings from the wider
monitoring programme. Site A was a large managed garden in the southeast, in which
eradication action on all infected plants had been taken following an outbreak of

P. ramorum. Site B was a large managed garden in southwest England, which was
affected by outbreaks of both P. ramorum and P. kernoviae and where only localised
eradication action had been taken. The third site (Site C), a large managed garden in
the southwest affected by outbreaks of both P. ramorum and P. kernoviae and where
very limited eradication action had been taken. At all sites the outbreaks occurred
primarily on cultivated or wild rhododendron species.

Monitoring of Residual Inoculum in Soil and Water

Grids composed of 1 m x 1 m quadrats were marked out in selected areas where
previously infected plants had either been removed (Site A) or about to be removed
(Site B). Soil and leaf litter samples were taken from each quadrat at roughly monthly
intervals and examined for the presence of P. ramorum and/or P. kernoviae. At site
A, where an extensive watercourse was present, baits (rhododendron leaves
contained in muslin bags) were deployed along streams, and in ponds, for a period of
1 to 3 days and then removed for testing using baiting methods. Monitoring was
carried out at three-month intervals between 2004 and 2006.

Monitoring of Inoculum Dispersal During Rainfall

Two types of rain trap were used, one at ground level to collect splash-borne
inoculum and a second attached to a pole at approximately 1 m above ground level to
collect inoculum moving above ground during rainfall. The majority of the rain traps
were sited near to or under infected plants and sampled every four weeks for
presence of spores. However, a few traps were placed at distance from any infected
host plants to monitor longer distance dispersal.
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Diagnostic Methodologies

All samples were analysed for presence of P. ramorum and P. kernoviae by leaf
baiting, isolation and microscopy methods, with any positives confirmed by Real-
Time TagMan PCR (Hughes and others 2006; Hughes, 2007, personal
communication). In 2006, new DNA extraction protocols were validated for use in
monitoring trace levels of P. ramorum or P. kernoviae in soil at Site A and rain water
samples from traps at Site C. Firstly, calibration curves were determined using
samples of soil or water to which known numbers of sporangia of P. ramorum or P.
kernoviae had been added. DNA was then extracted from these samples and tested
for the presence of the target pathogen DNA using TagMan PCR. The resultant Ct
values were plotted against the original number of spores added to each sample to
examine and calibrate levels of detection. Results indicated a strong relationship
between number of spores present and the Ct value using PCR.

Results and Discussion
Persistence of Inoculum in Soil (Site A)

Monitoring using traditional baiting methods, undertaken monthly between 2003 and
2005, indicated sparse but persistent levels of P. ramorum, with the number of
positive grids fluctuating seasonally. Inoculum was more widespread between
October and March compared with the summer months. In 2007, the site was
revisited and samples taken for testing using both traditional and quantitative
diagnostic tests. Despite consistently negative baiting results, quantitative PCR
detected inoculum of P. ramorum at some sites but also demonstrated that inoculum
was absent from some previously contaminated areas. The locations that were free
from inoculum were either areas where no run-off was occurring from other parts of
the gardens or where root material from the original infected plant had also been
removed.

Persistence of Inoculum in Soil (Site B)

Monitoring at site B was initiated in December 2003, six months prior to the removal
of the infected plants (between June and August 2004). Soil samples were taken
monthly and the percentage of grids positive for either P. ramorum or P. kernoviae
determined using baiting methods. Incidence of both pathogens was found to
fluctuate seasonally with peaks in inoculum levels occurring between October and
March (fig. 1). Incidence of P. ramorum has persisted since monitoring began
whereas that of P. kernoviae has declined over time.

Evidence from both sites indicates that rapid and thorough action involving removal
of all infected plants, litter, and preferably the root material as well, can be effective
in reducing inoculum levels to below the current thresholds for detection using
baiting and isolation methods. Although inoculum distribution fluctuated seasonally,
reductions in inoculum presence over time have been demonstrated under these
scenarios. A comparison of the data on P. ramorum and P. kernoviae indicated that
P. kernoviae is less persistent in soil, possibly due to the fact that it does not produce
chlamydospores (there is no evidence of the presence of oospores in the natural
environment in the U.K.).
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Figure 1—Detection of P. ramorum and P. kernoviae in soil between December 2003
and April 2006 at Site B. * indicates period of eradication of the infected plant.

Persistence of inoculum in water (Site A)

Inoculum detection frequency in water also showed seasonal patterns with highest
frequency generally occurring in winter and spring and lowest in summer (fig. 2).
Monitoring of inoculum in watercourses in the U.S. shows similar trends, with
reduced detection during the summer months (Tjosvold and others 2002). Although
detection frequency at Site A was shown to fluctuate seasonally and persist in water
over a period of three years post-eradication of the outbreak, frequency did decline
over time and no new plant infections occurred during the period of monitoring. The
significance of detection frequency in water and level of risk posed remains
unknown, but a positive correlation between detection frequency and inoculum
density is assumed.
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Figure 2—Detection of P. ramorum in water courses at Site A.
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Spore Dispersal During Rainfall (Site C)

Analyses of water samples from rain traps placed at ground level at Site C indicated
that splash-borne inoculum of both P. ramorum and P. kernoviae was detectable
throughout the monitoring period between March and December 2006. Comparison
of data on the two pathogens from all monitoring sites indicates that P. ramorum was
more frequently detected than P. kernoviae as splash-borne inoculum whereas P.
kernoviae was more frequently detected than P. ramorum in wind-driven rain.

Analyses of the samples from the high level traps showed that, whereas P. ramorum
was detected in wind-driven rainfall during December only, inoculum of P. kernoviae
was detected in May and June, absent from July to September and then detected
again between October and December.

Between October 2006 and February 2007, quantitative PCR methodologies were
used in conjunction with bait tests to analyse samples from high-level rain traps. The
more sensitive technique showed that very low numbers of spores could be detected
in rainwater samples that had tested negative using the bait tests. Quantitative
monitoring at five locations within Site C showed that P. ramorum inoculum density
peaked in December whilst density of P. kernoviae peaked in either November or
December depending on location. It was estimated that a maximum of 40 spores of P.
ramorum and 8000 spores of P. kernoviae per litre of rainwater were detected
during peak months. Quantitative analysis of samples from a rain-trap located
at a distance of more than 50m from an infected host also detected inoculum
of both pathogens at very low levels (fig. 3). Though Brasier and Jung (2006)
have observed that some infections in the U.K. could only be explained by
inoculum dispersing to distances of over 50 m, this is the first report of long
distance dispersal of spores of P. ramorum and P. kernoviae in the U.K. The
significance of these inoculum densities in terms of disease risk in the U.K. is
being investigated.
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Figure 3—Detection of spore dispersal in wind driven rain in a rain trap
located at a 50 m distance from infected plants at Site C.

47



GENERAL TECHNICAL REPORT PSW-GTR-214

Monitoring data from this project continue to be used to support U.K. risk
analyses and development of policy. Important evidence on the benefits of
quick and thorough action has assisted in advising landowners on appropriate
courses of action. Data indicate that quantitative methodologies offer
significant opportunities to investigate pathogen epidemiology, particularly in
situations like the U.K. where the inoculum densities appear currently to be
relatively low.
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Quantification of Sudden Oak Death
Tree Mortality in the Big Sur Ecoregion
of California’

Douglas A. Shoemaker,? Christopher B. Oneal,? David M. Rizzo,?
and Ross K. Meentemeyer?

Abstract

Big Sur is one of the most ecologically diverse regions in California and well recognized as a
biodiversity hotspot for global conservation priority. Currently the region is experiencing
substantial environmental change due to the invasion of Phytophthora ramorum, the plant
pathogen causing the forest disease known as sudden oak death. First confirmed in 2000,

P. ramorum has spread quickly through many canyons in Big Sur killing large numbers of
ecologically important oak (Quercus sp.) and tanoak (Lithocarpus densiflorus) trees with little
indication of slowing. Despite these impacts detailed data on the current extent and magnitude
of tree mortality are lacking yet critically needed to guide management strategies in both
impacted and uninfected forests.

In this study we quantified tree mortality across a 794 km? area on the Pacific slope of the
Santa Lucia Range in the Big Sur ecoregion. Two primary host habitat types (redwood-tanoak
forest; mixed oak woodland, which includes coast live oak, shreve’s oak, and black oak) were
mapped in a GIS from high-resolution (0.33 m) digital color aircraft imagery collected in
2005. We also used the imagery to detect and map the location of every dead tree that
exhibited spectral characteristics of trees killed by sudden oak death within each host habitat
type. We evaluated the accuracy of the remote detection mapping by assessing causes of tree
mortality in 77 field plots (50 X 50 m, 0.25 ha) stratified by host habitat type, oak mortality
level, latitude, and fire history. Intersection of the field and remote assessments in the GIS
showed that the remote mapping systematically underestimated the actual number of trees
killed by sudden oak death. Tree mortality was adjusted for each host habitat type using
regression models that related the field-determined number of P. ramorum caused deaths to
the density of dead trees detected remotely and local habitat conditions. The models
significantly improved remote assessment of oak mortality, with stronger relationships in
mixed oak woodlands (r? = 0.77) than redwood-tanoak forests (r? = 0.66). Using these field
data, we also modeled the amount of dead tree basal area (m?) in relation to the density of
mapped dead trees in mixed oak woodlands (r? = 0.73) and redwood-tanoak forests (r* =
0.54). Application of the regression models in the GIS estimated a total of 235,678 trees
(12,650 m? tree basal area) killed by P. ramorum in the ecoregion, with 63 percent of
mortality occurring in redwood-tanoak forests and 37 percent in mixed oak woodlands. Tree
mortality of this magnitude and geographic scale has never been reported for sudden oak
death. The resulting maps are being used to prioritize management strategies and examine
factors driving spatial dynamics of disease spread in the region.

Key words: Phytophthora ramorum, forest disease, tree mortality, remote sensing, GIS,
landscape epidemiology, Big Sur.
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Distribution of Phytophthora ramorum,
P. nemorosa, and P. pseudosyringae in
Native Coastal California Forest
Communities’

S.K. Murphy,? A.C. Wickland,? S.C. Lynch,? C.E. Jensen,’
P.E. Maloney,? and D.M. Rizzo?

Abstract

Phytophthora ramorum, causal agent of sudden oak death, is well established over
approximately 450 km of native forest along the California coast. In the course of research on
this invasive exotic pathogen, two other putatively exotic aerial Phytophthora species,

P. nemorosa and P. pseudosyringae, were discovered (Ivors and others 2004, Linzer and
others 20006). Little is known about the ecology and biology of these other species and how
they interact with P. ramorum. Preliminary research has found that P. nemorosa and

P. pseudosyringae have similar host and geographic ranges and cause similar disease
symptoms as P. ramorum (Hansen and others 2003, Murphy and Rizzo 2006, Wickland and
Rizzo 2006). However, P. nemorosa and P. pseudosyringae do not appear to cause landscape
level mortality of oaks (Quercus spp.) or tanoak (Lithocarpus densiflorus) and infect fewer
plant species, as does P. ramorum. Additionally, while all three pathogens are patchy over the
landscape, P. nemorosa and P. pseudosyringae are distributed over a broader geographical
area than P. ramorum, extending into the Sierra Nevada. Symptoms caused by these three
species are indistinguishable in the field and the causal species can only be identified using
either molecular methods or microscopically once cultured.

A plot study was established to determine the distribution and incidence of P. ramorum,

P. nemorosa and P. pseudosyringae in coastal forest communities, and to relate pathogen
presence to community, structural, and environmental variables. A total of 499 circular, 1/20
ha (500 m?) plots were established at 38 sites throughout central and northern coastal
California with 2 to 38 plots per site (Fig. 1). Field plots were installed during the spring and
summer months between 2001 and 2005. The majority of sites are in national, state, county,
and regional parks with several sites on university reserves and private properties. Plots were
established within four native forest alliances: coast redwood, coast live oak, mixed oak, and
Douglas-fir-tanoak forests (Sawyer and Keeler-Wolf 1995). Each of these forest communities
contains numerous hosts of P. ramorum and at least two hosts of P. nemorosa and

P. pseudosyringae. California bay laurel (Umbellularia californica) is the only species that
overlaps all four plant communities. All three pathogens have the potential to spread and
effectively infest all four forest communities and essentially interact within the same
ecological niche. It is important to note that California coastal forests are very heterogeneous
with many ecotones, so transitions between forest types can occur rapidly, contributing to the
patchy distribution of these pathogens. Plots were placed in a stratified random design and
indiscriminately regarding presence or absence of Phytophthora species. The locations were
selected to represent a broad geographical range, a variety of aspects and forest community
types, and areas with minimal human disturbance. Each plot was evaluated for plant species

! A version of this paper was presented at the Sudden Oak Death Third Science Symposium, March 5-9,
2007, Santa Rosa, California.

2 Department of Plant Pathology, University of California, Davis, CA 95616; (530)754-9894;
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Figure 1—Map of all study sites in California where each triangle represents a single
sample site. Polygons within the state represent county line designations.

composition, forest structure and environmental variables, and incidence of aerial
Phytophthora species. Over 21,000 trees and shrubs were measured and examined for
presence of aerial Phytophthora species. Any symptomatic aerial plant tissue (leaf or
twig/trunk cankers, up to 10 to 15 leaves or canker pieces per individual) was collected and
plated onto Phytophthora-selective medium (PARP). Plates were incubated at 20°C and
checked microscopically twice weekly for one month to visually confirm presence of
Phytophthora species.

Phytophthora ramorum was recovered from 40 percent of plots at 22 sites, with P. nemorosa
and P. pseudosyringae recovered from 18 (16 sites) and 13 (11 sites) percent of plots,
respectively. P. ramorum and P. nemorosa were found together on 55 plots, and were both
isolated from the same tree 137 times, primarily on bay laurel (75.2 percent) but also on coast
redwood (Sequoia sempervirens) (14.6 percent), tanoak (9.5 percent), and Douglas-fir
(Pseudotsuga menziesii) (0.7 percent). Phytophthora ramorum coexisted with

P. pseudosyringae on nine plots at five sites. These two species were isolated from the same
bay laurel tree on six different plots. All three Phytophthora species were recovered on the
same plots and from the same bay laurel tree twice at different sites. Sixteen sites were free of
P. ramorum and include nine sites that are within 25 km of P. ramorum infestation. No
Phytophthora species were detected on 220 plots and eight sites were pathogen free. Five of
the sites that were Phytophthora free also had no bay laurel present. P. ramorum,

P. nemorosa, and P. pseudosyringae were found in all four forest alliances. No other aerial
Phytophthora species were identified during the course of this study.

A classification and regression trees (CART) analysis was used to identify potential pathogen
predictor variables. CART analysis, a type of non-parametric statistical method, has
advantages in ecological studies due to its ability to handle non-linear data well and not be
constrained by distribution assumptions (Breiman and others 1984, De’ Ath and Fabricius
2000). CART is a method used to explore differences among groups. The goal with CART is
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to partition data into homogeneous groups, creating a tree-like classification key to predict
probabilities of a response variable by selecting the most explanatory predictor variables. This
objective is achieved by “growing” an overly large tree, which is then “pruned” to a
parsimonious size using a cross validated cost complexity approach. CART results are
visually intuitive, making them ideally suited to analyze complex ecological data.

In this study, many environmental, forest structure, and plant community variables were used
to create models to predict a probabilities of each Phytophthora species presence or absence.
The selected CART models predict the greatest probabilities of P. ramorum occurring at sites
closer to a source of P. ramorum inoculum, those with greater average winter or spring
precipitation, sites with any bay laurel present, and those with more moderate climates (lower
maximum annual temperatures, lower solar radiation, and higher minimum annual
temperatures). Similarly to P. ramorum, reduced annual maximum temperature, increased bay
laurel abundance, and greater winter precipitation all predicted greater probability of P.
nemorosa presence. However, reduced annual minimum temperature additionally predicted
greater P. nemorosa presence. This concurs with lab studies that have demonstrated this
pathogen’s lower temperature optimum than the other Phytophthora species (Hansen and
others 2003). In contrast to P. ramorum and P. nemorosa, the major branch for the selected
CART tree predicting P. pseudosyringae presence was reduced average winter precipitation.
Phytophthora pseudosyringae has been shown to be associated with drier plant communities
(for example coast live oak forest type) and sites further inland from the coast (Wickland and
others, unpublished).

As with previous studies, increased abundance and density of bay laurel (calculated as
importance value [IV]), a reservoir host that supports high sporulation, was found to increase
the probability of P. ramorum occurrence; a similar relationship with bay laurel was noted for
P. nemorosa and P. pseudosyringae (Maloney and others 2005, Murphy and Rizzo 2006,
Wickland and Rizzo 2006). Pathogen presence was highly related to forest structure, climate,
and biophysical variables, although the patterns varied by species. While the probabilities of
all three pathogens increase with more bay laurel present, they differ in their responses to
various climatic variables, including precipitation and temperature (table 1).

Table 1—Summary of selected CART model predictor variables and the
condition that increases the probability of presence of the corresponding aerial
Phytophthora species. The selected predictor variables occur most often
between the selected models for all three Phytophthora species. Pr= P.
ramorum; Pn= P. nemorosa; Pps= P. pseudosyringae

Selected CART Variable
, o Pathogen
Variable Condition
Bay Presence (IV) High Pr, Pn, Pps
Winter/Spring . Pr.Pn
Precipitation High
Winter Precipitation Low Pps
Maximum Annual Low Pr Pn
Temperature
Minimum Annual . p
Temperature High '
Minimum Annual Low Pn
Temperature
Summer Solar Radiation oy Pr
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While the three Phytophthora species occupy similar host and geographical ranges as well as
the same forest communities, they differ in their specific ecological niches and impacts on
coastal forests. Results from this study provide additional information about the distribution
of P. ramorum, including location and intensity of sudden oak death within state and regional
parks, as well as initial distribution information about P. nemorosa and P. pseudosyringae.
This is the first study to examine the ecological associations between these three
Phytophthora species, across a wide geographic distribution and within several forest
communities. These plots are a portion of a permanent plot network that will continuously
monitor pathogen infestation, and address future research questions regarding forest dynamics
and ecological impacts as a result of these pathogens.

Key words: Phytophthora ramorum, forest Phytophthora species, sudden oak death, forest
ecology, invasive species, California forest communities, classification and regression trees,
CART analysis.
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Detecting Phytophthora ramorum and Other
Species of Phytophthora in Streams in
Natural Ecosystems Using Baiting and

Filtration Methods®

Jaesoon Hwang,? Steven W. Oak,® and Steven N. Jeffers*

Abstract

Phytophthora spp. occur widely in forest and other natural ecosystems. Because these
straminipiles are well adapted to aquatic environments, monitoring strategically selected
streams may reflect occurrence and distribution of Phytophthora spp. over the relatively large
area drained by these streams. The mountain region of western North Carolina, in the
southern Appalachian Mountains, was designated as a high risk area for sudden oak death,
caused by P. ramorum, based on the occurrence of numerous native host plants, a relatively
mild climate, and the prevalence of nursery businesses in this region that import plants or
plant material from areas known to be infested. Therefore, five streams in three watersheds in
Pisgah National Forest in western North Carolina were sampled monthly for Phytophthora
spp. from April 2005 to March 2006 to determine if P. ramorum was present in the region, to
determine the diversity of species of Phytophthora native to the region, and to compare
baiting and filtration as detection methods. For baiting, either four wounded or four non-
wounded leaves of Rhododendron maximum (a plant native to this region) were placed in a
mesh bait bag made with nylon screen and PVC pipe (fig. 1). Wounded leaves were floated in
a stream for 3 days while non-wounded leaves were exposed for 2 to 3 weeks. Water soaked
lesions had developed on wounded leaves after 3 days in the water, and dark brown necrotic
lesions were observed on non-wounded leaves exposed for 2 to 3 weeks. In the laboratory,
five pieces of symptomatic leaf tissue were taken from each leaf, a total of 40 leaf pieces were
embedded in PARPH-V8 selective medium to isolate Phytophthora spp. for each stream. For
filtration, one liter of water was collected from each stream, and samples were filtered within
10 hours of collection. Nine 100-ml subsamples of water were vacuum-filtered (fig. 2)
through two types of membrane filters (47-mm in diameter) with three pore sizes (Nuclepore
with 1- and 3-um pores and Durapore with 5-um pores), and filters were inverted on PARPH-
V8 medium to recover propagules of Phytophthora spp. trapped on the filters (fig. 3).

P. ramorum was not found in any of the streams in western North Carolina, but Phytophthora
spp. were detected consistently from all five streams throughout the sampling period. To date,
P. cambivora, P. cinnamomi, P. citricola, P. citrophthora, P. gonapodyides, P. heveae,

P. pseudosyringae, and seven morphologically and genetically distinct groups of isolates have
been identified from 1560 isolates collected. P. gonapodyides was most prevalent (1353
isolates) and was detected consistently in all months. P. citricola, P. gonapodyides, and

P. pseudosyringae were distributed widely and recovered from all five streams. Isolation of
Phytophthora spp. varied depending on month, location, and detection method. Diversity of
Phytophthora spp. was greatest in July when 11 species and groups were recovered and least
in February when only one species (P. gonapodyides) was recovered. Phytophthora
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Figure 1—Nylon mesh bag used to float wounded or non-wounded rhododendron
leaves in forest streams. The PVC tube provides support and buoyancy.

Figure 2—A 100 ml sub-sample of stream water was transferred by pipette
and then pulled through a membrane filter with the aid of a vacuum.
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Figure 3—A 47 mm diameter membrane filter on which propagules of Phytophthora
spp. have been trapped will be inverted onto PARPH-V8 selective medium to isolate
the species present.

gonapodyides and P. pseudosyringae were the only two species detected from November to
February in all streams. The greatest diversity in a single stream occurred in the South Mills
river where 10 species and groups were detected over the sample period, and the least
diversity was observed in Big Creek where four species and groups were found. Over the
entire study period, 13 of the 14 species and groups were detected by filtration while only
eight species and groups were isolated with each baiting method. Types or pore sizes of
membrane filters did not affect detection of propagules of Phytophthora spp. Numbers of
colonies recovered from Nuclepore 1-um, Nuclepore 3-um, and Durapore 5-um filters
were 307, 331, and 264, respectively. Eight species and groups were trapped by
Nucleopore 1-um and Durapore 5-um filters while nine species and groups were isolated
with Nuclepore 3-um filters.

Filtration was validated as an effective method for detecting P. ramorum in streams in
California where this pathogen previously had been found. In May 2005, three streams in
Santa Cruz county were sampled and P. ramorum was detected in each one. In December
2005, P. ramorum was detected in four of eight streams across four counties (Marin,
Monterey, Santa Cruz, and Sonoma). Densities of P. ramorum in waterways in Santa Cruz
county were significantly lower in December than in May. From Lompico Creek, 36 (51
percent) of 70 isolates of Phytophthora spp. detected in May were P. ramorum whereas only
two (4 percent) of 52 isolates of Phytophthora spp. detected in December were P. ramorum.
Filtration was more effective and efficient than either baiting method for detection of diverse
populations of Phytophthora species in forest streams. Filtration also provided quantitative
data on inoculum density.

Key words: Diversity, forest streams, detection, membrane filter, Rhododendron maximum.
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2006 Pilot Survey for Phytophthora
ramorum in Forest Streams in the USA’

S.W. Oak,? J. Hwang,? S.N. Jeffers,® and B.M. Tkacz*

Abstract

Methods for detecting Phytophthora ramorum and other Phytophthora species with
rhododendron leaf baits were pilot tested in high-risk watersheds in 11 states for the purpose
of recommending a national survey protocol. Ninety streams, including 14 draining

P. ramorum-endemic areas, yielded 587 baiting chances. Molecular diagnostic assays
detected the pathogen in all known P. ramorum-endemic streams at least once in five baiting
periods, and in nearly 50 percent of all bait leaf sets. Isolation using selective media detected
the pathogen in all but one known positive stream in California and Oregon, and for the first
time in one Washington stream draining a confirmed positive ornamental nursery. Overall,
Phytophthora spp. were detected by isolation in all but one stream over the course of the pilot
survey, and in over 80 percent of the leaf bait sets. The national P. ramorum early detection
survey for U.S. forests will recommend rhododendron leaf baiting for five baiting periods in
high-risk watersheds with redundant molecular and selective media isolation assays for 2007.

Key words: Phytophthora ramorum, survey, Phytophthora baiting.

Introduction

Phytophthora species are well adapted to aquatic environments. The occurrence and
distribution of Phytophthora in waterways in various environmental settings
worldwide has been studied using filtration and plant tissue baits from a wide variety
of plants species. Recently, monitoring of Phytophthora ramorum Werres, De Cock,
& Man in’t Veld in forest streams has been shown to be effective using pear fruits
and foliage of tanoak and rhododendron in California (CA) and Oregon (OR). The
success of these methods for detecting P. ramorum in water, even before symptoms
are visible in aerial surveys, has resulted in early detection and treatment of known
infested sites (Murphy and others 2006, Hansen and others 2006). Given that
previously unknown infection centers have been detected up to 8 km downstream
from the inoculum source, monitoring forest streams for P. ramorum in high-risk
regions should afford an opportunity to survey larger land areas with greater
efficiency and at lower cost than is possible with current terrestrial survey techniques.
The objective of this pilot survey was to evaluate at a large geographic scale, existing

! A version of this paper was presented at the Sudden Oak Death Third Science Symposium, March 5-9,
2007, Santa Rosa, California.

2 USDA Forest Service, Southern Region FHP 200 W.T. Weaver Blvd, Asheville, NC 28804.

? Clemson University Department of Entomology, Soils, and Plant Sciences, 120 Long Hall, Clemson,
SC 29634.

“USDA Forest Service, Washington Office FHP, 1601 N Kent St RPC, Arlington, VA 22209.
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stream baiting and lab diagnostic methods for the purpose of recommending
protocols for the national P. ramorum early detection survey for U.S. forests.

Methods

Stream Selection and Bait Deployment

Pilot survey protocols were developed by consensus of researchers experienced in
Phytophthora spp. early detection by baiting in nursery and forest environments. To
achieve the desired scale of the evaluation, we targeted 11 states that contain a wide
diversity of oak forest ecosystems that have been projected as high risk for

P. ramorum establishment and damage (Oak and others 2006). Included were states
with endemic areas (CA and OR); those where the pathogen had been confirmed only
in woody ornamental nursery stock [Georgia (GA), Maryland (MD), North Carolina
(NC), Pennsylvania (PA), Tennessee (TN), Virginia (VA), and Washington (WA)];
and those that had only received unconfirmed, but potentially infected nursery stock
[Kentucky (KY) and West Virginia (WV)]. We recommended that 5 to 10 watersheds
in high-risk areas of 2,000 to 4,000 ha each be surveyed, including some known

P. ramorum positive streams in endemic areas. At a minimum, areas selected
required high-risk host type and suitable climate. Where possible, a confirmed trace
forward nursery inside the limits of the watershed was preferred.

Each stream was baited with four detached but otherwise unwounded Rhododendron
spp. leaves contained in a mesh bag made of plastic window screen. Bags were
tethered to the stream banks and floated in the current for one to two weeks (exposure
period depended on symptom development). After retrieval, bait leaves were
wrapped in a paper towel moistened with stream water, sealed in plastic bag, and
placed on ice for transport to diagnostic laboratories.

Diagnostics

Bait leaves were washed under running tap water to remove silt and organic debris
and blotted dry. Symptomatic leaf pieces were then excised without surface
disinfestation for primary and secondary diagnostics. The primary diagnostic tested
for the presence of P. ramorum using nested or real-time PCR according to United
States Department of Agriculture-Animal and Plant Health Inspection Service
(USDA-APHIS) protocols (Levy and others 2004, DeVries and others 2006). The
secondary diagnostic tested for the presence of any Phytophthora species, with the
exact method left to the discretion of the diagnostician. Choices were isolation on
selective medium (PARPH-V8 preferred; Jeffers and others 1987); an independent
molecular diagnostic (for example Bonants and others 1997); or commercially
available ELISA kits (Agdia® Elkhart, IN). After excision of bait leaf pieces,
leftover leaf tissues were shipped to a separate laboratory for isolation on PARPH-V8
as validation of the Phytophthora spp. diagnosis in the case that diagnosticians did
not choose isolation. This validation was performed only for baits from non-P.
ramorum endemic watersheds in eastern states to prevent the inadvertent transport of
the pathogen in baits.

Results and Discussion

Results for NC and TN are combined since all watersheds were within the boundary
of the Great Smoky Mountains National Park, and the same field crew and laboratory
handled field sampling and diagnostics. Overall, 90 watersheds were sampled for the
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requisite five baiting periods outlined in the protocol, or more. These 90 watersheds
afforded 587 baiting chances, of which fewer than 7 percent were lost due to high
storm flows, vandalism or other causes (table 1). The highest rate of loss was in WV,
where a single storm event in June disrupted all bait stations. The average number of
baiting chances per stream overall was about six, with a range of four (VA) to 11
(WA).

Table 1—-Pre-Survey P. ramorum status and bait retrieval results

Number of Streams

P. ramorum Baiting Lost

State Total Positive Chances Chances'
0

CA 10 8 50 0.0y
4

OR 12 6 121 3.3)
10

WA 11 0 129 (7.8)
0

GA 10 0 50 0.0)
6

MD 9 0 48 (12.5)
7

NC-TN 10 0 50 (14)
3

PA 10 0 49 6.1)
0

VA 7 0 27 (0.0)
3

KY 6 0 33 ©.1)
6

wVv 5 0 30 (20)
39

Total 90 14 587 (6.6)

"Lost bait sets not available for diagnosis due to high storm flows or vandalism.
“Numbers in parentheses are percentage of total baiting chances for each state.

Previous sampling showed that P. ramorum was present in 14 of 22 watersheds in
CA and OR. Nested PCR applied in CA detected P. ramorum in over 75 percent of
the bait leaf sets from known positive streams, while real-time PCR applied in OR
detected the pathogen in less than one-third (table 2). This could be due to differences
in the relative sensitivity of the assays, or to lower rates of bait colonization in OR
where inoculum density in streams draining P. ramorum-endemic areas undergoing
eradication treatments may be lower than in infested streams in CA. The pathogen
was detected in baits from all known positive streams at least once over the
prescribed five baiting periods in both states. Real time PCR did not detect the
pathogen in OR streams thought to be free of the pathogen, but nested PCR detected
the pathogen in two CA streams where it was not previously known to occur. These
are either instances of first detections in a previously negative stream, or false
positives.

Isolation detected P. ramorum in all positive streams in CA at a frequency
comparable to nested PCR (table 3). However, isolation failed to detect the pathogen
in one known positive stream in OR, and detection rates were lower overall than for
real-time PCR. The difference in detection success may reflect greater relative
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Table 2—Molecular diagnosis results for P. ramorum in OR and CA, by pre-survey
pathogen status ’

P. ramorum Positive Streams P. ramorum Negative Streams
Diagnosis Pram+ Diagnosis Pram+
State Method No. Chances Diagnosis No. Chances Diagnosis
31 3
CA Nested 8 40 (77.5) 2 10 (30)
OR Real-Time 16 0
6 55 (29.1) 6 52 (0.0)
47 3
Total 14 95 (49.5) 9 62 (4.8)

'Streams must have had at least five bait sets with the diagnostic to be included.
“Numbers in parentheses are percentage of total diagnosis chances for the state/method combination.

sensitivity of the molecular assay than isolation, but could also have been due to a
smaller sample size (only one-third the number of isolation chances versus real-time
PCR) and low inoculum density. Isolation on selective media detected P. ramorum
for the first time in one intermittent WA stream draining a previously confirmed
positive ornamental nursery. Subsequent vegetation surveys up- and downstream did
not detect any infection centers outside the nursery, and the inoculum source appears
to be associated with an area where infected plants were held prior to being
destroyed. The pathogen was recovered in over half of the isolation attempts overall,
but these included mid- and late summer baiting periods inhospitable for the
pathogen. Isolation success was over 80 percent during optimal conditions.

Isolation recovered Phytophthora spp. in over 80 percent of the attempts, and only
one WV stream failed to yield a Phytophthora spp. at least once in five baiting
periods (table 3). Recovery rates among states ranged from 55.8 to 100 percent

demonstrating the ubiquitous distribution of Phytophthora spp. in streams. ELISA
assays were used only in GA and PA, and in concert with isolation in both cases. All
positive ELISA results obtained in these two states were substantiated by isolation.
Though unreported here in detail, molecular tools for detection of Phytophthora spp.
in this survey were inadequate. At times, samples known positive from isolation
yielded a negative molecular diagnosis. Other complications arose in PCR protocol
parameters and the availability of some reagents.

2007 Early Detection Protocol
The results of this pilot survey support our recommendation of the following protocol
for the 2007 national P. ramorum early detection survey for U.S. forests:
1. Survey up to 10 high-risk watersheds per cooperating state, as funding
permits.
2. Deploy two mesh bags containing four intact, symptom-free leaves of
Rhododendron spp.
3. Use native or naturalized source plants, if available, and ensure that they
have been free of pesticides for six weeks before use.
4. Expose bait leaves in the stream current for one to two weeks, depending on
symptom development.
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5. Deploy bait leaves once per month for five months beginning when average
daily temperature exceeds 15°C.

6. Pool baits from both bags and sort into four leaf sets to ensure that the range
of symptom types is represented in each set.

7. Diagnose the presence of P. ramorum and any other Phytophthora spp. using
isolation on selective medium (PARPH-VS preferred) from one set.

8. In an independent laboratory, diagnose the presence of P. ramorum using
PCR (real-time preferred) in the other set. Redundant P. ramorum
diagnostics limit potential false negatives from less sensitive isolation, and
false positives from very sensitive molecular assays.

Table 3—lIsolation results for P. ramorum and any Phytophthora spp. for P. ramorum
positive and all streams !

P. ramorum Positive Streams All Streams
Isolation P. ramorum Isolation Any
State No. Chances Positive No. Chances Phytophthora spp.
CA 8 40 33 10 50 40
(82.5) (80.0)
OR 3 17 2 12 74 68
(11.8) 91.9)
WA 1 13 7 11 109 68
(53.8) (62.4)
GA 0 50 0 10 50 50
(0.0) (100)
MD 0 42 0 9 42 42
(0.0) (100)
NC-TN 0 43 0 10 43 24
(0.0) (55.8)
PA 0 49 0 10 49 35
(0.0) (79.5)
VA 0 27 0 7 27 26
(0.0) (96.3)
KY 0 30 0 6 30 30
(0.0) (100)
VA% 0 24 0 5 24 17
(0.0) (70.8)
Total 12 335 42 90 498 400
(60.0)° (80.3)

'Only streams with at least five isolation attempts are included.
“Number in parenthesis is the percentage of isolation chances for the state/P. ramorum stream status combination.
JPercentage calculated from isolation chances in P. ramorum positive streams only.
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The OakMapper WebGIS: Improved Access
to Sudden Oak Death Spatial Data’

K. Tuxen? and M. Kelly?

Abstract

Access to timely and accurate sudden oak death (SOD) location data is critical for SOD
monitoring, management and research. Several websites (hereafter called the OakMapper
sites) associated with sudden oak death monitoring efforts have been maintained with up-to-
date SOD location information for over five years, providing information and maps of the
most current spatial and attribute data on Phytophthora ramorum distribution in California to
the public, the California oak mortality task force, and researchers. In addition to the spatial
locations of P. ramorum, the OakMapper websites maintain a range of supporting spatial data.
There are two main avenues for which to view the data: static SOD maps (state, county, and
local area vicinity), and the interactive and dynamic OakMapper websites.

The OakMapper database, the statewide repository for all positive P. ramorum confirmations
in California, has several components. The OakMapper webGIS application allows people to
view confirmed P. ramorum trees, general SOD areas, symptomatic SOD trees submitted via
an online form (“SOD sightings™), geo-located photos of SOD, United States Department of
Agriculture-Forest Service (USDA-FS) annual aerial survey polygons depicting forest
mortality (listed under “Aerial Survey Data”), host species areas, federal, state, and regional
parks, highways, interstates, and local roads, state-wide SOD risk model created by Sonoma
State University (SSU), and U.S. Geological Survey (USGS) topographical data. With
OakMapper, the user can zoom in/out, query data, and search for SOD near an address. The
user can link to climate data, which are long-term averages of monthly temperature and total
precipitation, for each SOD confirmations, and export and print custom maps. Geographic
layers can be turned on and off to customize the view. In addition, all the information behind
the geographic data can be queried in order to learn more about each SOD confirmation.

OakMapper visitors can choose to view the OakMapper in three formats. First, they can use
the original OakMapper, built with ESRI’s ArcIMS, which contains numerous tools for map
viewing and querying. Second, they can use the OakMapper Google Maps, where they can
view SOD confirmations with easy-to-use Google Maps interface and data as the backdrop.
Click on “Map” to view the road map backdrop, “Satellite” to view aerial and satellite photos
as backdrops, and “Hybrid” to view both. Third, they can use the OakMapper-Google Earth,
where they can view SOD confirmations and a few other data layers over the interface. Users
need to install Google Earth onto their computers before they are able to view this data. Once
they have it installed, they can click on the link on oakmapper.org and open the file up in
Google Earth. Zoom around and tilt the earth to see a bird’s eye view of SOD. In some places,
you can even see the affected dead/dying trees behind the SOD confirmation! Visitors to the
OakMapper can submit an SOD sighting, which is a symptomatic tree that is potentially
infected with P. ramorum. The submitted points are then mapped as part of the OakMapper.
In addition, we have been collecting user opinions about the OakMapper through an online

1 A version of this paper was presented at the Sudden Oak Death Third Science Symposium, March 5-9,
2007, Santa Rosa, California.

2 Geospatial Imaging and Informatics Facility, University of California, Berkeley, 137 Mulford Hall
#3114, Berkeley, CA 94720-3114.
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survey, where users can leave valuable feedback about what they like or dislike about the
OakMapper, and give suggestions on its improvement.

Key words: Phytophthora ramorum, sudden oak death, WebGIS, OakMapper.

Introduction

Access to timely and accurate information on the locations of trees confirmed to be infested
with Phytophthora ramorum is critical for SOD monitoring, management and research. Such
location information is commonly stored in Geographic Information Systems (GIS), and when
linked with the Internet, these tools can provide support for a range of monitoring and
management efforts. For example, the data depicting the most current distribution of the
disease in California has been used to determine zones of infestation, to map potential
climactic niches for the pathogen, and for education and outreach efforts.

We maintain several websites associated with sudden oak death monitoring efforts with up-to-
date SOD location information for over five years, providing information and maps of the
most current spatial and attribute data on P. ramorum distribution in California to the public,
the task force, and researchers. There are two main avenues for data viewing and interaction:
static SOD maps (at the state, county, and local area scale), and the interactive OakMapper
website.

Materials and Methods

Development of a P. ramorum spatial database. Accurate disease location information
remains a key component of all management efforts. When sampling trees suspected of being
infested with P. ramorum, samplers are encouraged to use global positioning systems (GPS)
to acquire the spatial location of sampled trees in the field. However, not all location data
comes from GPS; we also receive disease confirmations with addresses, or photocopies of
maps. Once collected in the field, samples are sent to the labs of the California Department of
Food and Agriculture, University of California (UC) Davis, or UC Berkeley, and all disease
presence/absence results are forwarded to our GIS lab at UC Berkeley.

The location information for positive P. ramorum confirmations are entered in a relational
database in UTM Zone 10, NAD 83 format; if addresses or coordinates from other projections
are provided, they are geo-coded or re-projected. We recommend Universal Transverse
Mercator (UTM) as the initial projection because it prevents rounding errors common with the
latitude/longitude (geographic) projection, and produces accurate, easily understood, and
consistent area and distance measurements in the field. Data are then re-projected from UTM
to the “California Albers’ projection created by the Teale Data Center GIS Lab. Additional
ancillary geospatial datasets, including political and jurisdictional boundaries and forest and
land cover data and both the tracks and overstory mortality polygons from annual aerial
surveys of tree are also maintained in the spatial database.

Static SOD map creation and distribution. Maps are powerful and beautiful tools that can
be used to easily communicate complex information. We have developed both static and
dynamic tools for cartographic product creation and distribution. The sudden oak death
monitoring website offers downloadable, “ready-made” static maps that depict SOD
distribution for state, county, and vicinity areas, available in JPEG, PDF, and TIFF formats.
These are updated as the SOD database is updated. In addition, we accept requests from users
for custom maps, for example, the area around a specific address or local park. There have
been over 350 map or data requests in the past five years from citizens (50 percent),
academics (20 percent), and regulators (30 percent). Maps are used for a wide range of
purposes, including state legislature briefings and public meetings, and have appeared in
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many research publications, newspaper articles, and informational websites.

OakMapper webGIS. In addition to static paper and digital maps, we have used webGIS to
create three internet-based portals to the SOD data. These are dynamic, customizable, and
user-driven cartographic environments. The original webGIS application (Fig. 1), was built
using Environmental Systems Research Institute, Inc. (ESRI) ArcIMS software, and remains
the most feature-rich of the three sites. The original OakMapper allows user-specific
interactions—including scale-dependent zooming, customized map creation, hyperlinked
photography, and querying functions—with the spatial database. The original OakMapper
webGIS site also allows users to report trees that might have the disease so that follow-up
sampling can take place. These citizen-monitoring data are not designed to be rendered on the
map as “confirmed” cases of SOD, but are guides to tell us where our education efforts are
getting out, and if there are clusters of tree symptoms that might be overlooked. Ancillary data
included in the system are the flight lines and mortality polygons associated with five years of
U.SDA-FS survey-funded aerial surveys; host species and park boundary information from
California GAP Analysis Project (University of California Santa Barbara 2007); and urban
areas from the California Spatial Information Library (CaSIL 2007).
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Figure 1—The original feature rich OakMapper webGIS application.

A second mode of interaction provided by the OakMapper site is powered by Google Maps ™
(Fig. 2). In recent years, several companies, including Yahoo!, MapQuest, and particularly
Google via Google Earth and Google Maps have revolutionized public access to spatial data.
While these on-line mapping tools are designed for a business model that focuses on
advertising and marketing, the services provided are also a boon to environmental sciences.
Using the Google Maps Application Programming Interface (API), we customized an
OakMapper application that runs on the Google Maps server, and takes advantage of the
abundance of high spatial resolution imagery in the Google Maps archive as backdrops for the
P. ramorum confirmations. Such visualization can be very powerful at conveying the
environmental niche of each confirmation, and can also be a useful outreach tool. Like the
original OakMapper tool, the user need have only a web browser to interact with the data;
expensive GIS software is not needed. Zoom and identify functionality are made easy through
the Google Maps interface, and have proved useful for visualizing SOD confirmations over
imagery with resolution high enough to view dead crowns of SOD-affected trees.
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Figure 2—0OakMapper webGIS powered by Google Maps.

The third model of interaction uses Google Earth ™ technology (Fig. 3). Here the user must
have a copy of Google Earth (the basic version is free), or Google Earth Plus or Pro (which
are not free) on their computer. Our spatial data depicting the P. ramorum confirmations can
be added to a client-side Google Earth session, allowing seamless fly-through visualizations
of the environment of each P. ramorum confirmation. Other data layers that exist within the
Google Earth application can be viewed with the SOD confirmations; in addition, the most
advanced version (Google Earth Pro) allows GIS layers on the user’s computer to also be
added to the layer list for enhanced GIS map-making and visualization.

Software and Hardware Information. The University of California at Berkeley has a site
license for ESRI, Inc. products, and all SOD GIS data and maps are created and maintained
using ESRI’s GIS suite, including ArcGIS 9.2 and specialized extensions (ESRI, 2004a;
ESRI, 2004b). The original OakMapper webGIS application uses ESRI’s ArcIMS (version 9),
an internet mapping service software package that uses languages like HTML and Java to
provide users access to geospatial data residing on a server using any Internet browser. The
OakMapper powered by Google Maps uses the Google Maps API to connect the OakMapper
data with the Google Maps imagery and functionality. This API code is open-source and
available for free from the Google Maps API website (Google 2007). The OakMapper
powered by Google Earth uses Keyhole Markup Language (KML) to connect the OakMapper
data with the Google Earth application.

The online submission form that allows users to enter symptomatic SOD sightings uses PHP

programming languages to connect with our MySQL database. Reports submitted with a
specific address are geocoded into a shapefile using ArcGIS and TIGER 2000 street data.
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Figure 3—OakMapper webGIS powered by Google Earth.

Currently, all GIS data is stored in static vector (e.g., shapefiles, coverages) and raster (for
example, GRID) formats; however, migration of all data to Arc Spatial Database Engine
(ArcSDE) is planned in the near future to allow real-time updates, while also retaining the
data integrity and security offered by a spatial relational database management system.

Results and Discussion

With all versions of the OakMapper, you can view the current distribution of SOD throughout
California; zoom, view, and search monitoring data for both confirmed and reported SOD in
California. The feature-rich original OakMapper provides additional data that the other sites
do not, and allows additional queries, such as searching by street address, county, zip code,
and congressional district. This site also provides additional educational material about SOD,
including symptoms, host species, and monitoring updates. Also, a user can find contact
information for their county’s Agricultural Commissioner’s office and UC Cooperative
Extension office in California counties. In all versions, users can create a custom map, or
snapshot of a visualization.

The data in the OakMapper database has several caveats associated with it. Privacy is a
concern to many people who may have SOD on their property. With such high resolution to
the backdrop imagery on the OakMapper, users can zoom in and see individual properties and
houses. Oftentimes, you can see actual dead crowns on SOD-affected trees. With high-
resolution data becoming ubiquitous in most web mapping application, privacy will continue
to be an issue, especially surrounding environmental problems like SOD. However, as

P. ramorum establishes itself in areas along the urban-wildland boundaries, it is less of a
privacy concern affecting only a few homeowners and is more of an ecological concern
affecting entire neighborhoods.
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The dating of imagery is of concern to many people who use the OakMapper for decision-
making. While the SOD confirmations and host layers are updated as new trees are confirmed
and new species are added to the host plant list, other datasets may not be updated as
frequently. Examples of these datasets include road layers, which may still consist of line files
gathered from the 2000 U.S. Census TIGER data. Another example is the dates of the
imagery hosted by Google Maps/Earth. While Google strives to update their image
databases with the most timely and high-resolution imagery, it is important to remember
that the imagery is not real-time and may have a 1 to 3 years lag time before new imagery
is acquired and bought by Google to display on their applications. In addition, the dates
that are displayed at the bottom of the Google Maps and Google Earth interface do not
necessarily correspond with the date of imagery acquisition, and may instead indicate
copyright or other image dating.

The OakMapper webGIS applications continue to be a valuable outreach tool for the sudden
oak death project. We have distributed data, maps, and animated movies showing change in
SOD over time to multiple people and groups. Highlights include the creation of SOD maps
and animated movie for KQED’s Quest online and television program
(http:/lwww.kged.org/quest/), as well as the production of maps for a feature in the October-
December 2006 issue of Bay Nature (http://www.baynature.com/v06n04/v06n04_toc.html).
We have made maps for the Government Accountability Office (GAQ), the USDA-F.S,
Pacific Gas & Electric (PG&E), and numerous other consulting firms, government agencies,
and local groups. In addition, numerous undergraduate and graduate students have requested
SOD data in the past few years.

The development of web-based efforts continues to prove effective in communicating SOD
information to researchers, regulators, and the general public by providing a readily available
avenue for viewing, searching, querying, and exporting data and maps. The ultimate goal of
the OakMapper webGIS is to empower stakeholders to participate in disease monitoring. To
this end, the application is designed with non-GIS experts in mind. An online form is used to
gather reports of potential SOD sightings by allowing users to: 1) select a host and visible
SOD symptoms (chosen from pictures and explanations that aid in identification), 2) enter
information about their familiarity with forest and forest diseases, and 3) submit the
location of the tree (in other words, GPS coordinates, addresses, or location on map). The
numerous submissions to date have demonstrated the success of citizen-generated data in
widening the sampling effort for this disease (Kelly and Tuxen 2003). The OakMapper
webGIS took more than a year to develop, and is continual work in progress as
improvements are made and data is updated. We found that while a team was needed for
the overall webGIS development, we needed a single champion dedicated to customizing a
webGIS application for our specific project.
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Using Sigmoidal Curve-Fitting in a Real-
Time PCR Detection Assay to Determine
Detection Thresholds’

Pedro Uribe? and Frank N. Martin?

Abstract

Phytophthora ramorum, the causal agent of sudden oak death (SOD) is a quarantine pathogen
that has forced the implementation of extraordinary measures to track and contain the
movement of infected nursery stock both within and outside of the three western states of
California, Oregon and Washington. Federal guidelines in the United States for diagnostic
testing of P. ramorum are in place to insure the sensitivity and reliability of detection tests.
PCR assays are used to determine whether the Phyfophthora sp. detected by the initial
immunoassay screening is P. ramorum. Most of the time definitive results can be obtained
from a single PCR reaction. However, there are times when the accuracy of the results can be
called into question because of low pathogen titer, a situation that can result in false negatives
given the limits of detection of the marker system. In addition, experimental samples often
contain significant amounts of PCR inhibitors that can also give results outside the normal
detection cutoffs. Therefore the need for re-testing the samples using the same or alternative
methods of pathogen detection is manifest. To understand the effect of low DNA
concentration, or the role of PCR inhibitors in the extracted DNA in the sensitivity of
detection of P .ramorum, plant and pathogen specific markers were amplified in real time
PCR experiments using TagMan® chemistry. The kinetics of amplification of the PCR
reactions were modeled using a four-parametric sigmoidal curve. Standard curves of pure

P. ramorum DNA and plant host DNA, with standard amounts of P. ramorum DNA added,
were created and used to establish a base for data analysis. Samples having low pathogen titer
were amplified and the values of the sigmoid curve parameters described. Statistical analysis
of data allowed the identification of samples falling outside the proposed 95 percent
confidence interval. Curve modeling also provided experimental support for determining
threshold values for assessing the presence of the pathogen.

Key words: Phytophthora ramorum, real time PCR, PCR efficiency, 4-parametric sigmoidal
regression.

! A version of this paper was presented at the Sudden Oak Death Third Science Symposium, March 5-9,
2007, Santa Rosa, California.
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Introduction

Phytophthora ramorum, the causal agent of sudden oak death disease, is an
Oomycete that can infect a large number of plant species. Given its quarantined
status, special measures need to be taken to prevent the movement of the pathogen
out of infested areas and in the nursery industry. Consequently, host material needs to
be checked regularly for the pathogen presence, and surveys are performed at regular
intervals to track the movement of P. ramorum pathogen in infested areas. To
accurately detect the pathogen in suspected samples, a strategy based on an initial
screening by immunoassay for detection of Phytophthora genus-specific proteins,
followed, if positive, by culturing and testing by PCR is mandated. A polymerase
chain reaction (PCR) assay, which specifically amplifies a portion of the ribosomal
internal transcribed spacer (ITS) DNA of P. ramorum, is the only protocol that can
be used to test samples for United States Department of Agriculture (USDA)-Animal
and Plant Health Inspection Service (APHIS) regulatory purposes. Given the high
importance that accurate pathogen detection has in the quarantine process, other PCR
assays have been developed. Although the USDA-APHIS approved PCR tests have
been optimized, the specificity and sensitivity of the assays might be variable when
the quantity of the pathogen in the host sample is very low or close to detection
limits. In addition, inconclusive results could be observed when mixed Phytophthora
infections are present or when DNA contaminants that co-elute with the sample DNA
during extraction affect the performance of the reactions.

In current real time PCR procedures to detect P. ramorum there is a cut-off value for
sample amplification (Cycle threshold or Ct), above which, the sample requires a
retest or is considered negative (in other words, when the signal related to specific
pathogen amplification is not seen before a set number of cycles into the PCR
reaction). This cut-off value is the product of the assay limits of detection and
therefore a sample with very low amounts of P. ramorum DNA, or containing a
mixture of P. ramorum and other Phytophthora species DNA or containing PCR
inhibitors could be erroneously called negative. To address these possibilities in real
time PCR experimentation, we used a mathematical approach based on a 4[]
parametric sigmoidal curve (Tichopad and others 2002) (fig. 1) to model the kinetics

a

_{_X-Xo
1+e k

Figure 1—4-parametric sigmoidal curve (Tichopad and others 2002). Absolute net
fluorescence (a), background fluorescence (Yo), first derivative of function (Xo) and
slope of the sigmoid curve (k).

F=Yo+
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of amplification of P. ramorum-specific real time PCR reactions (fig. 2a).
Experiments were designed to test the models under ideal, in other words pure
pathogen DNA or real, in other words field samples (fig. 2b), with variable amounts
of pathogen DNA. Statistical analysis of the sigmoidal curve parameters of the data
allowed the discovery of relationships that could yield statistical support for the
identification of aberrant PCR reactions, which did not follow the specific kinetics of
known P. ramorum amplifications. A statistical approach to determine the detection
limits of the assays is proposed.
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Figure 2—Standard plot of real time PCR amplifications. (a) Curve fit between
sigmoidal curve model and the fluorescence output of a 20pg/ul of purified

P. ramorum DNA. (b) Phytophthora ramorum suspected sample from the field
(triangles) showing different PCR kinetics from the standard curve.

Materials and Methods

To extract the P. ramorum-infected and not infected tanoak DNA needed for the
analyses, sample leaves were processed according to the official APHIS protocol for
DNA extraction, based on the Dneasy DNA extraction kit from Qiagen (USDAD
APHIS). Pure P. ramorum DNA from cultures was extracted according to Tooley
and others 2004. Real time PCR amplifications were carried out in an I-cycler
thermal cycler (BioRad Co., Hercules, CA) using TagMan® master mix reagents
(Applied Biosystems, Foster City, CA). Phytophthora ramorum specific primers

77



GENERAL TECHNICAL REPORT PSW-GTR-214

FMPrla and FMPr7, amplifying a portion of the spacer region between CoxI and
CoxII genes of the mitochondrial genome of this species (Tooley and others 2006),
were used at a concentration of 1000 nM each. Plant specific primers FMPI2b and
FMPI13b (Tooley and others 2006) were used at a concentration of 40 nM each as
internal control.

To specifically detect pathogen amplification a TagMan® probe, PrFAM (Tooley
and others 2006), containing the fluorescent label FAM and the black hole quencher
(BHQ1) was used at 400 nM. To detect plant DNA, the plant-specific probe, Plant
Calred (Tooley and others), that carries the fluorescent reporter CalRed and the black
hole quencher (BHQ2) was added at a concentration of 200 nM. Labeled probes were
synthesized by Biosearch Co. (Novato CA) and primers by Invitrogen Co. (Carlsbad
CA). All the PCR reactions included an additional 1 mM MgCl, in the standard
master mix and were carried out in a final volume of 25ul. Amplification conditions
used were: initial denaturation for 10 minutes at 95 °C and 55 cycles of 95 °C for 15
seconds and 60 °C for 1 minute. A total of seven independent experiments were
performed. Each experiment included an equal concentration of host DNA (tanoak)
to which a dilution series of P. ramorum DNA had been added. Within each
experiment, each sample was run in triplicate.

Pathogen concentration was initially spectrophotometrically determined using a
Nanodrop (Nanodrop technologies, Wilmington DE). A total of six, 10-fold dilutions
with concentrations between 200 pg/ul and 2 fg/pl were included in the experiments.
To normalize PCR variability from experiment to experiment an additional standard
of known concentration (50 pg/ul), called the calibrator sample, was added to the
experimental set up. Threshold cycles of detection (Ct) were determined using the I-
cycler software. For this purpose the baseline for detection was automatically set in
each experiment and Cts were normalized between experimental replicates by setting
the software’s threshold level of amplification to a value, that although different in
each experiment, resulted in equal threshold cycle of detection in all the calibrator
samples. Background subtracted real time PCR data was collected from the I-cycler
output file and recorded in Excel (Microsoft, Redmond, WA, version 9.0 SP-3)
spreadsheets and exported into Sigma Plot (Systat Software Inc, San Jose, CA,
version 8.0) for modeling. Modeling process consisted in 100 iterations of the 47
parameter sigmoid curve formula (Tichopad and others 2002.). Sigmoid curve
coefficients net fluorescence (a), slope of the sigmoid curve (k), first derivative of
function (Xo), background fluorescence (Yo) and coefficient of determination (r?)
were recorded and exported into Sigma Stat (Systat Software, San Jose, CA, version
3.0) and Excel software for data analysis and Sigma Plot for creating graphs. Using
the values of Xo and k the initial efficiency of the reactions according to the sigmoid
model (Eo) was calculated with the formula presented by Rutledge and others 2004

(fig. 3).

(1+Xo /k)
+e

Xo/k

o (X0/K)

Figure 3—4-parametric sigmoidal curve initial efficiency formula (Eo) (Rutledge and
others 2004).
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Results and Discussion

Using background subtracted fluorescence data from replicated experiments, a
database to use in the modeling of kinetics of PCR reactions was created. Each
independent experiment included in the database contained the results of the real time
PCR amplification of a dilution series of P. ramorum templates. Using Sigma Plot
software, the approximation of the background subtracted fluorescence data of the
reactions to the 4-parameter sigmoid curve (Tichopad and others 2002) was
accomplished by repeated iterations (100 times) of the polynomial regression
formula.

The values of the sigmoidal curve parameters and their corresponding coefficient of
determination were recorded. The relationship between each parameter of the
sigmoidal curve and the log of template concentration was compared using linear
regression. Linear correlations were drawn between each of the four parameters and
the log of template concentration (fig. 4). The net fluorescence values of the reaction
(a) (data not shown) and the slope of the sigmoid curve (k) (fig. 4c) tended to
increase with increasing template concentration, while the threshold cycle (Ct) (fig.
4a), and the inflection point of the sigmoid curve (first derivative of the sigmoid
curve or Xo) (fig. 4b) decreased with increasing template concentration. In all cases
the #* values of the linear regression analysis were above 0.96.

Equally high * values of the linear regression between sigmoid curve parameters and
the log of template concentration were not obtained when the relationship between
the initial sigmoid curve efficiency (Eo) (fig. 3) and the log of template concentration
of the different standards was tested (fig. 4d). Because Eo can be expressed solely in
terms of Xo and K, it is expected that in experimental reactions involving identical
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Figure 4—Linear regression analysis of four different kinetic parameters of real time
PCR amplifications. (a) Threshold cycle of detection (Ct), (b-d) sigmoid curve
parameters k, Xo and Eo in repeated real time PCR reactions using standard
dilutions of P. ramorum templates.
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templates Xo and K should have very similar values and hence equal or very similar
Eo. (Rutledge and others 2004). Therefore by testing the behavior of Eo at different
template concentrations we were able to access the effect of decreased template
concentration on the value of Eo. Under our experimental conditions it was possible
to detect amplification of standard templates up to the fg range (2 fg/ul) with an r*
value of 0.99 (fig. 4a) and given that in the literature it is acknowledged that Eo
should be identical in PCR reactions with identical templates (Rutledge and others
2004), we expected to find similar Eo values at this detection limits of the assay.

Statistical analysis of the data using repeated measures ANOVA and Tukey tests
made evident that it was possible to separate the data into two different groups. The
analysis showed that at high template concentration (in other words > 3 logs of
pathogen concentration or >2pg/ul) there was no statistical difference between the Eo
values of the tested standards (fig. 4d). On the other hand, the data also showed that
at low template concentration (in other words < 2 logs of pathogen concentration or
200 fg/ul) the Eo values of the standards were statistically different (fig. 4d). Most of
the deviation between the Eo for each of the standards and their expected value (all
of them equal) appeared to occur inside a range comprising the lowest template
concentrations tested (data not shown), perhaps a reflection of the inability of the
assay to reliably detect the presence of P. ramorum templates at such low
concentration (detection limits).

Removing the lowest template values that were statistically different from the other
higher values and comparing the relationship between Eo values and their
corresponding log of template concentration with linear correlation, resulted in higher
#* values and regression slopes closer to the expected value of 0 (Eo of equal value,
fig 5). This statistical approach allowed the placing of the detection limits of the
assay at the minimum standard template concentration, which would still maintain
statistically equal Eo values. Using confidence interval values established for the Eo
linear regression, it is possible to predict whether a field sample, after calculating its
Eo, will behave kinetically like the model curve.
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Figure 5—Amended linear regression analysis of sigmoid curve parameter Eo
discarding data points shown to be statistically different in repeated real time PCR
reactions from data points of greater concentrations using standard dilutions of

P. ramorum templates. The plot also includes the 95 percent confidence intervals
for analvsis of suspected samples.
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Using this statistically supported method it was possible to test the detection limits of
the CoxI-CoxII marker system in TagMan® real time PCR amplifications of
independently determined P. ramorum-positive samples that were serially diluted
with non-infected host tissues of equal concentration. We intentionally used this
marker system instead of the USDA-APHIS approved, ITS marker system to show
the usefulness and complementarity of other diagnostic systems in helping with the
diagnosis of P. ramorum. We foresee that this methodology could be applied to any
real time marker system or diagnostic technique based on real time PCR.
Experiments are underway to test the system under very high template
concentrations, where cross-amplification of other closely related species is observed
or during mixed infections, when the interference of other DNA species can be
expected. Further validation of the model is being carried out with blind samples
from the field, that were independently classified as positive or negative for the
presence of P. ramorum using the USDA-APHIS validated rDNA ITS-based PCR
detection assay.
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Introducing the Phytophthora Database: An
Integrated Resource for Detecting,
Monitoring, and Managing
Phytophthora diseases’

Kelly L. Ivors,? Frank Martin,® Michael Coffey,*
Izabela Makalowska,” David M. Geiser,® and Seogchan Kang®

Abstract

Its virulence and ability to spread rapidly throughout the world by various means establishes
Phytophthora as one of the most important groups of plant pathogens. Discoveries of inter-
specific hybridization among Phytophthora species in nature, which could yield novel
pathogens, further underscore the threat posed by members of this genus. The ability to
accurately and rapidly identify the causal agent of a disease is crucial for developing effective
regulatory and disease management strategies, and facilitates the monitoring of changes in
pathogen communities as they respond to agricultural practices and environmental changes.
The Phytophthora database (PD) (httpwww.phytophthoradb.org) project was initiated in 2005
to enhance our capability of rapid detection and diagnosis of Phytophthora spp. by archiving
genotypic and phenotypic diversity of Phytophthora in a highly integrative cyber
infrastructure that can easily be accessed and searched.

To establish a more comprehensive phylogenetic framework for the genus Phytophthora,
informative molecular markers from multiple nuclear loci were identified using the available
genome sequences for P. ramorum and P. sojae, in conjunction with the large number of
expressed sequence tags (ESTs) available for P. infestans. We sequenced up to nine loci of
selected isolates that represent most of the known species within Phytophthora (228 isolates
from 80 species), (Blair and others, unpublished), including (i) two loci in the nuclear
ribosomal RNA (rRNA) encoding genes: the internal transcribed spacer (ITS) regions and the
5’ portion of the large subunit rRNA, (ii) nuclear genes encoding 60S ribosomal protein L10,
beta-tubulin, enolase, heat shock protein 90, TigA fusion protein, and translation elongation
factor 1 alpha, and (iii) a mitochondrially-encoded cox/I gene and spacer region between cox/
and cox/l. The resulting phylogeny supports the division of Phytophthora into approximately
eight major groups, and also resolves the overall relationships among these groups with
moderate support. In addition to those regions, four additional mitochondrially encoded genes
are being sequenced from the same isolates to construct a mitochondrially based phylogenetic
framework.

To support the identification of unknown Phyfophthora isolates via comparison of their
sequences with corresponding sequences derived from archived isolates, we generated and
deposited sequence data from more than 1,100 isolates representing the known diversity of

! A version of this paper was presented at the Sudden Oak Death Third Science Symposium, March 5-9,
2007, Santa Rosa, California.

? Dept. of Plant Pathology, North Carolina State University, 455 Research Dr., Fletcher, NC 28732.

7 USDA-ARS, Salinas, CA 93906.

“ Dept. of Plant Pathology, University of California, Riverside, CA 92521.

5 Center for Computational Genomics, The Pennsylvania State University, University Park, PA 16802.

6 Dept. of Plant Pathology, The Pennsylvania State University, University Park, PA 16802.

83


http:httpwww.phytophthoradb.org

GENERAL TECHNICAL REPORT PSW-GTR-214

the genus. Since ITS sequences have been commonly used for identifying oomycete species
and isolates, the ITS region was sequenced from all isolates archived in the database.
Although sequences for multiple loci are present for a group of isolates representing
individual species, the database is currently dominated by ITS sequences. Because the PD
provides applied and molecular information on Phytophthora species along with a suite of
data analysis tools, we feel the PD has more utility than GenBank. In addition, the data stored
at the PD is provided by specialists actively working with Phytophthora, hence proper
identification of reference cultures should be less prone to error. This project is on-going;
sequence and species data are continually being deposited to increase utility and breadth of
this database. Scientists interested in Phytophthora are encouraged to use and contribute to
the database.

The phylogenetic framework established at this database supports the development and
validation of molecular diagnostic approaches designed primarily for species identification.
The use of genotyping will greatly assist the study of newly isolated oomycetes by researchers
who have limited experience in taxonomy, or by regulatory agency scientists who must
quickly assess the threat of a new population and track its change and movement. The
significance of this project to agricultural and forest biosecurity is the establishment of a
baseline for monitoring the emergence of new and foreign Phytophthora. In addition, this
database should serve as a model data collection system that could be easily adapted to
develop databases for other important pathogen groups.

Key words: Phytophthora disease, invasive pathogen, genomics, population genetics,
systematics, taxonomy.
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Detection of mMRNA by Reverse
Transcription PCR as an Indicator of
Viability in Phytophthora ramorum’

Antonio Chimento,? Santa Olga Cacciola,” and Matteo Garbelotto®

Abstract

Real-Time PCR technologies offer increasing opportunities to detect and study
phytopathogenic fungi. They combine the sensitivity of conventional PCR with the generation
of a specific fluorescent signal providing both real-time analysis of the reaction kinetics and
quantification of specific DNA targets. Before the development of Real-Time PCR and the
opportunity to provide quantitative data, the risk of false-positive PCR results due to detection
of dead cells was considered only a minor setback. This, therefore, has led to a renewed
interest in the risk of false-positive PCR results. In order to deal with this potential problem
we developed a new reverse transcript (RT) PCR assay based on the use of mRNA as a
viability marker, on the basis of its rapid degradation compared to DNA. We developed new
primers, specific for P. ramorum, designed in the cytochrome oxidase gene encoding subunits
[ (COXI). To evaluate the specificity of the method, four isolates of P. ramorum and 11
different Phytophthora species were tested. One hundred symptomatic bay leaves from three
different sites in California were collected in three different seasons of the year. Samples were
plated on PARP selective media for Phytophthora and tested with the new RT-PCR method
and compared with a TagMan and SybrGreen Real-Time PCR assay after DNA extraction.
Results showed that after seven days RNA of freeze-dried killed P. ramorum was
undetectable while DNA gave a positive signal. Furthermore, data from the new assay were
more correlated to the results obtained after isolation on selective media whereas DNA-based
results showed more positive samples. This indicates that by using the new RT-PCR method,
the risk of false-positive PCR results due to detection of dead cells can be minimized.

Key words: Phytophthora ramorum, RT PCR, dead cells, false positives, diagnosis.

Introduction

Phytophthora ramorum (Werres, de Cock and Man in ‘t Veld), causal agent of
sudden oak death (SOD), is one of the best-known examples of an exotic pathogen
which has killed thousands of oak trees along the U.S. west coast, causing a dramatic
decline of local forests in terms of structure and biodiversity.

The development of accurate and rapid diagnostic methods for P. ramorum is crucial
for providing the tools useful for detecting the pathogen and determining its potential
for establishing itself in new regions.

! A version of this paper was presented at the Sudden Oak Death Third Science Symposium, March 5-9,
2007, Santa Rosa, California.

? Dipartimento Sen.Fi.Mi.Zo. Facolta di Agraria, Universita degli Studi di Palermo.
Ant_chimento@yahoo.it.

‘uc Berkeley, Department of Environmental Science, Policy, and Management, 137 Mulford Hall,
Berkeley, CA, USA, 94720-3114.

85


mailto:Ant_chimento@yahoo.it
http:Sen.Fi.Mi.Zo

GENERAL TECHNICAL REPORT PSW-GTR-214

Real-Time PCR technologies offer increasing opportunities to detect and study
phytopathogenic fungi. They combine the sensitivity of conventional PCR with the
generation of a specific fluorescent signal providing both real-time analysis of the
reaction kinetics and quantification of specific DNA targets (Schmittgen 2001).

One disadvantage of DNA-based methods is that they do not distinguish between
living and dead organisms, which limits their use for monitoring purposes. In order to
deal with risks of false-positive PCR results, many researchers have investigated the
use of mRNA as a viability marker, on the basis of its rapid degradation compared to
DNA (Alifano and others 1994).

The principal objective of this research programme is to define scientific parameters
to discriminate dead cells from living cells of P. ramorum present in plant material
and develop a reliable and sensitive molecular method to assess the risk of false
positive in the detection of P. ramorum from environmental samples.

Real-Time PCR was used to detect the expression of the cytochrome oxidase 1 gene
in order to examine the relationship between viability and presence of mRNA, since
any relationship between mRNA and viability may depend on the method used to
inactivate cells or the type of mRNA sought. We exposed the cells to three different
stress treatments (heat, lyophilization and ethanol) and assayed mRNA from the
cytochrome oxidase 1 gene. Furthermore, the method was validated testing
symptomatic bay leaves collected in different seasons from three sites in California.
Results obtained with RT-PCR were compared with those obtained by traditional
isolation on PARP selective medium and Nested TagMan and SYBR Green PCR.

Materials and Methods

Sampling and Isolation

The survey was carried out in California and the chosen sites were: 1) China Camp
State Park, which lies along San Pablo Bay near San Rafael; 2) Briones Regional
Park on the eastern side of San Francisco Bay and 3) Samuel P. Taylor State Park
located in Marin County north of San Francisco. Sites were selected to encompass a
range of habitat types and species compositions found within P. ramorum infested
forests.

Between October 2005 and July 2006, each site was inspected for the presence of
SOD. China Camp State Park was sampled three times (October, April, July),
whereas Samuel P. Taylor and Briones Parks were sampled only in July. At each
inspection symptomatic leaves from 20 California bay laurel trees were randomly
chosen, collected and taken to the laboratory (total of 100 leaves). Leaves were
superficially wiped with 70 percent EtOH and then divided in three homogeneous
sectors containing approximately the same amount of lesions and healthy tissues.
Each piece, randomly chosen, was assigned to one the different treatments (direct
plating on PARP selective medium, DNA or RNA extraction) in order to compare
different diagnostic methods.
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Asymptomatic California bay laurel leaves, collected from the University of
California (UC) Berkeley campus, were used as negative control.

Inactivation Treatments for RT-PCR

In order to validate the new diagnostic approach mRNA was recovered from pure
cultures of P. ramorum (isolates Prl, Pr52, Pr72 and Pr102) that had been subjected
to treatments designed to impact cell viability.

Isolates Pr1, Pr52, Pr72 and Pr 102 were cultured on pea broth for 7 to 10 days and
than the mycelium was harvested, washed with sterile water and then treated with 70
percent EtOH for 1 hour, heat-treated at 60°C for 1 hour or freeze-dried (lyophilized)
overnight in order to inactivate the cultures. Treated isolates were plated on V8A in
order to monitor the presence of viable P. ramorum cells. All the treated mycelia
were left at room temperature for 0, 1, 2, 5, 7, 9 and 12 days and then kept at -80°C
before proceeding with RNA and DNA extraction.

Nucleic Acids Extraction

Mycelium and plant material was lyophilized before extractions. DNA from
approximately 50 mg of mycelium was extracted using a PureGene DNA Extraction
Kit (Gentra) according to the manufacturer’s instructions. DNA from approximately
50 mg of lyophilized bay leave tissue was extracted according Hayden and
others(2004). RNA was extracted from approximately 50 mg of mycelium or
approximately 50 mg of symptomatic bay leaves using RNeasy® Plant Mini Kit
(Qiagen) following the manufacturer’s protocol. RNA was purified from DNA
contamination using RNase-Free DNase Set (Qiagen).

Primer Sequence Design and Specificity

The COXI sequence of P. ramorum was utilised to design specific primers to amplify
DNA fragments from this particular species. Sequences of P. ramorum and related
species were aligned using the ClustalW software (EMBL, European Bioinformatics
Institute) and screened for base pair differences and then best primer sets were
designed using Primer3 software. Specificity of ACPramF and ACPramR primer set
was preliminarily assessed by means of Basic Local Alignment Search Tool
(BLAST) analyses to explore all of the available sequence DNA databases and
exclude the presence of similar sequences in other microrganisms. Furthermore, the
specificity of these primers was assessed using genomic DNA from other species of
Phytophthora (table 1).

Two-Step RT-PCR

The presence of target COXI RNA was analyzed by two step RT-PCR using
QuantiTect® Reverse Transcription Kit (Qiagen) following the manufacturer’s
procedure. Each purified RNA sample was briefly incubated in gDNA Wipeout
Buffer (Qiagen) at 42°C for two minutes to efficiently remove any possible
contaminating genomic DNA.

cDNA was then amplified using ACPramF/ACPramR primer set. PCR was
performed in a total volume of 25ul containing 6.26pl of undiluted cDNA combined
with 12.5ul of 2x iIQTM SYBR® Green Supermix (Bio-Rad) containing 0.5 mM of
each primer. Real-Time amplification was carried out in an iCycler 1Q Real-Time
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thermalcycler (Bio-Rad) using the following conditions: 1 cycle at 50°C for 10
minutes, 1 cycle at 95°C for 3 minutes, 40 cycles at 95°C for 15 seconds, and 58°C
for 1 minute. Ramp rate was 3.3°C/s heating and 2.0°C/s cooling.

For each PCR run with SYBR Green detection, a melting curve analysis was

performed to guarantee the specificity in each reaction tube (absence of primer
dimers and other non-specific products).

Table 1—Phytophthora species used to determine specificity of the Phytophthora
ramorum specific primers

Species

P. cambivora *
. cambivora*

*

. cambivora
. cambivora*
. citricola*

. cryptogea*
. drechsleri*

. hibernalis

. nemorosa*

P

P

P

P

P

P

P

P

P. lateralis™*
P. megasperma*
P. palmivora*

P. pseudosyringae*
P. syringae*

P. ramorum™*

P. ramorum™*

P. ramorum™*

P.

ramorum*

Local
isolate no.

MP14
MP22
NY217
NY249
MP18
MP11

MP16
PL27

MP20
MP8
P40
MP15
Pr1
Pr52
Pr72
Pr102

Host

Quercus agrifolia
Almond

Apple

Apple

Lycopersicon esculentum

Chamaecyparis
lawsoniana

Glycine max
Theobroma cacao
Quercus agrifolia
Rhododendron spp.
Quercus agrifolia
Rhododendron sp.
Rhododendron sp.

Quercus agrifolia

Origin

California
California

New York

Oregon

California

California
California

Wisconsin

California
California
California
California
California

California

Amplification

Not cross-amplified
Not cross-amplified
Not cross-amplified
Not cross-amplified
Not cross-amplified
Not cross-amplified
Not cross-amplified
Not cross-amplified
Amplified >1 pg
Not cross-amplified
Amplified >1 pg
Amplified >1 pg
Amplified >1 pg
Not cross-amplified
Amplified
Amplified
Amplified
Amplified
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Nested SYBR Green Real-Time PCR

The first and second round of PCR amplification were performed using primer sets
Phyto1/Phyto4 and Phyto2/Phyto3, respectively following the procedure described by
Hayden and others (2004).

Nested TagMan Real-Time PCR

TaqMan reaction was performed using primer set Phyto1/Phyto4 (1* round) and
primers Pram5/Pram6 and probe Pram7 (2™ round) following the same conditions
previously described by Hayden and others (2006).

Results and Discussion
Detection of mRNA From Killed Cells

Of the three different inactivation treatments chosen, only lyophilized, P. ramorum
did not grow when plated after the treatment. Heat-treated mycelium of P. ramorum
remained active, whereas all EtOH-treated samples were inactivated after three
weeks incubation with the exception of isolate Pr52 (two of four plates) that was still
active after three months (showing sparse mycelium).

mRNA from the COXI gene was detected by RT-PCR in all the samples immediately
after treatments. However, during subsequent incubation at room temperature,
mRNA of lyophilize-treated samples became undetectable after seven days, whereas
all other samples gave a positive RT-PCR amplification (table 2). Samples used as
negative control never showed a positive amplification or any growth on plates.

Table 2—mRNA detected by RT-PCR after incubation of treated P. ramorum mycelium at
room temperature

Incubation at room temperature *

Treatment Target 12
0 1day 2days 5days 7days 9days

days
Untreated coxi Y Y Y Y Y Y Y
60°Cfor 1hour ~ COXI Y Y Y Y Y Y Y
FloR Topereent coxi v Y Y Y Y Y Y
Lyophilized coxi v Y Y Y N N N

*Y, positive RT-PCR amplification; N, negative RT-PCR amplification.
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Comparison of Traditional and Molecular Diagnostic
Methods

One hundred bay leaves samples, showing SOD symptoms, were assayed for the
presence of P. ramorum with four different diagnostic methods: isolation on PARP
selective medium, COXI RT PCR, Nested TagMan PCR, and SYBR Green PCR.
The July survey samples that were collected in all three sites had the most xeric
conditions and therefore the detection of P. ramorum was low with all four assays.
Isolation with selective PARP medium gave three positive (15 percent) out of 20
samples, whereas molecular RNA and DNA assays gave 25 percent and 30 percent
positives, respectively. All the samples collected in China Camp State Park were
positive when tested with Nested TagMan and SYBR Green PCR (100 percent),
whereas RT-PCR and PARP isolation gave 45 percent and 35 percent of positives,
respectively. Samples collected in Samuel P. Taylor State Park, which is considered
to be the most mesic site, were 5 percent positive when plated on PARP, 50 percent
when assayed with RT-PCR and 75 percent when assayed with TagMan or SYBR
Green assays (fig.1).

JULY 2006

100%

90%

B0%

70%

W Samuel P Taylor
60%

50% M China Camp

409 Briones

30%

20%

10%

0%

PARP RT-PCR TagMan PCR SYBR Green PCR

Figure 1—Comparison of four different methods to detect P. ramorum from
symptomatic California bay leaves. Samples were collected in July 2006 from three
different sites: Samuel P Taylor State Park, China Camp State Park and Briones
Regional Park.

Frequency of detection of P. ramorum from naturally infected California bay leaves
differed significantly across sites and between methods of detection. Nevertheless,
both Nested DNA assays, detection via SYBR Green and DNA detection via a
TagMan probe, were equally sensitive with 78 percent and 77 percent of positive
samples respectively (fig. 2).

Traditional isolation with PARP selective medium was a less sensitive and reliable
assay for the detection of P. ramorum compared to the molecular methods. In fact,
only 38 percent out of all tested samples resulted positive using this approach, which
required more time and effort for the isolation and the identification.
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ALL 100 SAMPLES

EMegatives
(%)

EFositives
(%)

PARP RT-PCR TagMan PCR SYBR Green PCR

Figure 2—Comparison of four different methods to detect P. ramorum from
symptomatic California bay leaves. Samples were collected from 100 different trees in
China Camp State Park in October 2005, April 2005 and July 2006; and in Briones
Regional Park and in Samuel P. Taylor State Park in July 2006.

Detection of P. ramorum by RT-PCR was significantly more sensitive compared to
traditional isolation on PARP selective medium, but differed from DNA based
detection assays with 53 percent positive out of 100 samples tested. Furthermore, all
samples that were positive on PARP were positive with all three molecular methods
and all RT-PCR positive samples were positive with DNA based diagnostic methods.

It should be pointed out that P. ramorum remained active after 1 hour at 60°C and
after one hour in 70 percent EtOH. The only treatment able to devitalize P. ramorum
was lyophilization. Results showed a good correlation between the presence of
mRNA and the viability of P. ramorum when RNA was extracted from freeze-dried
mycelium. The detection of mRNA therefore indicates either that a cell is alive or has
died fairly recently. We have established that mRNA can persist for at least seven
days in lyophilized mycelium of P. ramorum, but further analysis is required to
characterize the decay rates of mRNA in dead cells in a range of conditions before
the limitations of the method are fully defined. This study has demonstrated that
mRNA is a promising candidate as an indicator of viability P. ramorum, although
further evaluation with additional Phytophthora spp. is needed to confirm species-
specificity of the diagnostic primers.
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Effect of Environmental and Seasonal
Factors on the Susceptibility of Different
Rhododendron Species and Hybrids to
Phytophthora ramorum’

Isabelle De Dobbelaere,? Kurt Heungens,?and Martine Maes?

Abstract

Although Rhododendron is the most important host of Phytophthora ramorum in Europe,
there is little scientific information about the susceptibility levels of different Rhododendron
species and cultivars. Increasing this knowledge would help nurseries in the management of
the disease and could be used by plant protection services to target their inspections. In this
study a total of 80 Rhododendron species and hybrids were screened for their susceptibility to
P. ramorum using two detached leaf inoculation assays. Due to the variability in susceptibility
for a given cultivar within and between years, multi-year data was deemed necessary to
establish a reliable susceptibility ranking. The zoospore inoculation method involving non-
wounded leaves was most informative. Using this method, a wide range in susceptibility to

P. ramorum was demonstrated. A second objective of this study was to get a better handle on
some of the internal and external factors (time of year, temperature, leaf age) that seem to
effect the susceptibility level. Susceptibility was significantly lower during late fall and
winter, and seems correlated with the physiological status of the plant. Leaf age mainly seems
to affect susceptibility during the early stages of leaf maturity. In general, new leaves were
more susceptible to pathogen development. However, young leaves of some cultivars seem
covered by leaf hairs, which prevent the zoospores to reach the leaf surface. Environmental
factors that affect stomatal regulation, such as temperature, also seemed to have an effect on
the degree of symptom development.

Key words: Phytophthora ramorum, Rhododendron, susceptibility, host resistance, cultivars.

Introduction

Since November 2002, EU emergency phytosanitary measures are being taken to
prevent the introduction and spread of P. ramorum in Europe, including surveys at all
commercial premises with P. ramorum hosts. An eradication and quarantine program
is initiated at nurseries with positive findings. Commercial Rhododendron plants are
the most important hosts of Phytophthora ramorum in Europe. In Belgium, one of the
largest Rhododendron-producing countries of Europe, about 80 percent of the
samples in the P. ramorum surveys of the plant protection service were
Rhododendron plants. Because of the quarantine status of P. ramorum, only
preventive measures can be taken by the growers. These measures mainly consist of

! A version of this paper was presented at the Sudden Oak Death Third Science Symposium, March 5-9,
2007, Santa Rosa, California.

? Institute for Agricultural and Fisheries Research (ILVO), Merelbeke, Belgium; Corresponding author:
kurt.heungens@ilvo.vlaanderen.be.
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water management, sanitation, hygiene and preventive fungicide treatments. Taking
into account cultivar susceptibility would be another tool for which there is high
interest, but limited availability of scientific knowledge. This information could lead
to using more resistant cultivars and to extra protection of susceptible cultivars. In the
long term, including resistance to P. ramorum may become a part of Rhododendron
breeding efforts.

Materials and Methods

This study was initiated during the summer and early fall of 2004 with a screening of
63 Rhododendron species and hybrids. Rhododendron species were selected to
represent the main subdivisions within the genus Rhododendron. Hybrids were
selected based on their economic importance. Preliminary assays revealed no
differences in pathogenicity between different P. ramorum isolates, hence a single
Belgian isolate was used in all assays. Initially, four inoculations methods were used,
involving either wounded or non-wounded detached leaves or stems. Based on the
variability in susceptibility of the control cultivar over the testing period, it was
concluded that multi-year data was needed to establish a reliable susceptibility
ranking. Therefore, the assays were repeated in 2005 and 2006. The tests were
extended to 80 Rhododendron hosts (24 species and 56 hybrids) but only the two
most informative inoculation assays were used. A method involving non-wounded
leaves and zoospore inoculation was used to estimate the ability of the host to resist
tissue penetration. A method involving wounded leaves was used to evaluate the
resistance to pathogen growth inside leaf tissue. Each year the Rhododendron plants
were screened from July to September. Leaves were mature but less than one year
old. The assays were performed in batches and included the same three control
cultivars in each batch (Rhododendron Mme Masson, R. Cunningham’s White, and
R. Gartendirector Rieger). Seasonal effects were studied in an experiment in which
leaves of R. Cunningham’s White were collected and inoculated on a bi-weekly basis
over a period of two years. During the spring, both new leaves and mature leaves of
several cultivars were inoculated and compared in respect to susceptibility to

P. ramorum. In tests involving the effect of temperature, potted plants were placed in
growth chambers at 5, 17 or 28°C during several hours, after which they were used in
the inoculation assay involving non-wounded leaves.

Results and Conclusions

All the Rhododendron species and cultivars tested were susceptible to P. ramorum in
the method involving wounded leaves. In contrast, the method with non-wounded
leaves revealed a considerable difference in level of resistance between cultivars or
species. Using this method, a few Rhododendron species and cultivars consistently
showed very low levels of disease expression. These included R. Gartendirector
Rieger, R. Red Jack, and R. Fantastica. In contrast, some cultivars such as R. Mme
Masson, R. John Walter, and R. Cheer were highly susceptible and may be candidates
for improved P. ramorum leaf baiting methods. The average level of susceptibility
during the screening assays was significantly different between the years but was not
caused by a decrease in virulence of the test isolate. No correlation was observed
between the susceptibility level and the genetic background of the hybrids. However,
the genetic background of the Rhododendron hybrids is often mixed or unclear.
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Within the Rhododendron species, lepidote species on average were less susceptible
than elepidote species.

In terms of seasonal effects, susceptibility was significantly lower during late fall and
winter, and seems correlated with the physiological status of the plant. Leaf age plays
an important role in susceptibility tests. When using wounded leaves, young leaves of
all cultivars tested showed a higher level of susceptibility then mature leaves.
However, when using non-wounded leaves, young leaves of some cultivars were less
susceptible than older leaves. This effect was correlated with the presence of hairs on
the young leaves of those cultivars, which probably form a barrier to the zoospores
and prevent tissue penetration by the pathogen. Exposing plants to high temperatures
during several hours before collection of the leaves had a negative effect on
susceptibility in most experiments. One hypothesis is that this increase in temperature
results in stomatal closure, which may reduce the penetration capacity of the
pathogen.
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Can Phytophthora ramorum be Spread With
Contaminated Irrigation Water?’

D. Seipp,? T. Brand,® K. Kaminski,* S. Wagner," and S. Werres*

Abstract

In a two year study, the spread of Phytophthora ramorum with contaminated irrigation water
and the survival of the pathogen in water reservoirs were studied (Werres and others 2007). In
addition at the end of each experimental period root ball samples from asymptomatic plants
were taken to look for contamination with P. ramorum. For the study, an open air simulation
system with nine separate container stands was used. The surplus water from each container
stand ran back to a separate water basin. From the water basins, the water was taken for
overhead irrigation of the plants on the container stands. In both years rooted Rhododendron
cuttings of the cv ‘Cunningham’s White’, in the second year also Viburnum plicatum cv
'Mariesii' were placed on the container areas and irrigated from above with water taken from
the water reservoirs. The reservoirs were inoculated once a year in June with two different
inoculum concentrations (low inoculum density: 12.5 Petri dishes per reservoir = 1000 L,
high inoculum density: 25 Petri dishes per reservoir in 2004 and 50 in 2005). Three reservoirs
were not inoculated.

Phytophthora ramorum was able to survive in the water reservoirs during all seasons but there
were differences between the inoculum densities and within the season. The pathogen could
be spread with contaminated water. First disease symptoms on Rhododendron occurred 7 and
16 days after the first irrigation with contaminated water. The maximum incidence of
Rhododendron plants infected visibly with P. ramorum was below 19 percent. The incidence
varied between the two years of the study and within the season. There was a high variability
in the total amount of symptomatic Rhododendron infected with P. ramorum between the
three container stands belonging to the same inoculum density. The percentage of
symptomatic Viburnum infected with P. ramorum was below 1 percent.

At the end of the two experimental periods when the plants were removed from the container
stands, P. ramorum could be detected in some of the pooled root ball samples of
asymptomatic plants with the bait test with Rhododendron leaves. P. ramorum was detected
in the bait leaves by direct isolation and by PCR.

Key words: Phytophthora ramorum, sudden oak death, ramorum blight, water, nursery,
survival, spread.
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Seasonal Symptom Expression, Laboratory
Detection Success, and Sporulation
Potential of Phytophthora ramorum on
Rhododendron and Camellia’

Steve A. Tjosvold,? David L. Chambers,?and Cheryl L. Blomquist®
Abstract

Camellias and rhododendrons are important nursery and landscape plants and are known to be
highly susceptible hosts of the quarantined plant pathogen, Phytophthora ramorum Werres, de
Cock & Man In’t Veld. Nursery inspection can not always occur during optimal conditions
for the disease and its detection. The goals of this research were to (1) characterize and
document seasonal development of symptoms, including, lesion growth rates and host leaf
abscission, (2) evaluate the USDA-APHIS approved laboratory detection methods during four
seasons, and (3) access the seasonal potential for sporangial or chlamydospore production on
lesions. This paper contains the results of the first complete year of a two year field and
laboratory study.

Leaves on potted Camellia japonica L. ‘Kumasaka’ plants and Rhododendron ‘Cunningham’s
White’ were inoculated with V8 agar plugs from P. ramorum cultures on 18 July 2005, 26
October 2005, 1 February 2006, and 1 May 2006, representing summer, fall, winter, and
spring infections respectively. The resulting lesion growth and leaf abscission was quantified
for up to 16 weeks after inoculation. Infected leaves were sampled for up to 24 weeks after
inoculation. A portion of the sampled leaves were mailed by overnight courier to the
California Department of Food and Agriculture Plant Pest Diagnostics Branch Laboratory
where the most current federally approved methodology was used for detection (PARP semi-
selective media, ELISA, and real-time and nested PCR), and detection success was evaluated.
Isolations from other leaves in the sample were plated onto PARP media in a local laboratory,
without shipment, and detection success was evaluated. From another portion of the sampled
leaves, leaf-disks were punched from the margin of the lesions and flooded with de-ionized
water. Sporangia and chlamydospores produced on the margin of the leaf-disks were
identified by propagule type and counted.

Growth rates of lesions were fastest in the fall and winter and slowest in the spring. Camellia
leaves abscised in significantly fewer days after inoculation in the fall and winter than in the
spring and summer. Rhododendron leaves abscised infrequently after inoculation and then
only in the winter. Successful laboratory detection with PARP by the State laboratory was
possible with summer inoculated leaves up to 20 weeks, with fall at least up to 24 weeks, with

! This paper was presented at the Sudden Oak Death Third Science Symposium, March 5-9, 2007, Santa
Rosa, California. It presents data but limited analysis for the first year of a 2-year study. It will

become part of the completed study at the end of 2007 when data are complete and more robust analysis
will be possible.
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winter up to 20 weeks, but spring only up to 4 weeks after inoculation. Laboratory detection
locally (without shipment) with PARP generally mirrored this result. ELISA and PCR (nested
and real time) methods were 100 percent effective in detection regardless of season or leaf
age. Flooded camellia leaf-disks were capable of producing chlamydospores and sporangia

8 to 12 weeks after initial inoculation with the fall and winter more conducive to the
production of these propagules than the other seasons. Flooded rhododendron leaf-disks
produced sporangia for 12 to 20 weeks after inoculation and chlamydospores 4 to 20 weeks
after inoculation with the fall and winter generally more conducive to the production of these
propagules.

Key words: Phytophthora ramorum, sudden oak death, symptoms, detection, sporulation,
rhododendron, camellia, nursery.

Introduction

In California, Oregon, and Washington, federal regulations require annual nursery
stock inspection, leaf sampling, and laboratory analysis of host plants susceptible to
Phytophthora ramorum for plants shipped out of state. For these regulations to be
effective, agricultural inspectors must recognize disease symptoms and collect proper
leaf samples, and laboratory analysis must be accurate and sensitive. Nursery
inspection can not always occur during optimal conditions for the disease and its
detection. If P. ramorum is found in a nursery and the confirmed nursery protocol is
imposed, follow-up inspections and samplings could occur at nearly any time of the
year. With this in mind, the goals of this research were to (1) characterize and
document seasonal development of symptoms, including, lesion growth rates and
host leaf abscission, (2) evaluate the United States Department of Agriculture-Animal
and Plant Health Inspection Service (USDA-APHIS) approved laboratory detection
methods during four seasons, and (3) access the seasonal potential for sporangial or
chlamydospore production on lesions. This paper contains the results of the first
complete year of a two year field and laboratory study.

Materials and Methods

Ten leaves on each of 42, 3.8 L (potted) Camellia japonica L. ‘Kumasaka’ plants and
42, 3.8 L Rhododendron ‘Cunningham’s White’ were inoculated with V8 agar plugs
from 21 day old cultures from P. ramorum cultures on 18 July 2005, 26 October
2005, 1 February 2006, and 1 May 2006, representing summer, fall, winter, and
spring infections respectively. The P. ramorum isolate used for inoculation was
isolated from an infected rhododendron at a local nursery. Plants were grown under
environmental conditions and with cultural practices typical of many local
commercial outdoor nurseries. Plant spacing was consistent with commercial nursery
practices. Plants were irrigated with overhead micro-sprinklers (Global #VS360 T),
and fertilized (21-5-6 Apex®, J.R. Simplot) at a rate of 6 grams per pot every four
months. All plants were placed under shade cloth (40 percent light transmission) and
maintained without the use of fungicides. For each of the two species, seven plants
were placed on each of six (95 cm x 82 cm x 16 cm) wooden pallets to elevate the
pots well above the soil. When leaf samples were taken, they were removed
randomly from each group and treated as statistical replicates.

For each seasonal inoculation and host species, the resulting uniform lesions from 30
designated leaves were digitally photographed 1, 2, 4, 8, 12, and 16 weeks after
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inoculation or until the leaves abscised. The area of the lesions on each leaf was
calculated with the aid of Access software (American Phytopathological Society).
When available, up to 24 leaves per species were removed for laboratory detection, 1,
2,4,8,12, 16, 20, and 24 weeks after inoculation (four leaves from each of six
replicates). These samples were sent by overnight courier to the California State
Department of Food and Agriculture Diagnostic laboratory (Sacramento, California)
where the most current USDA-APHIS approved methodology was used for detection.
Samples were both isolated on PARP semi-selective media and tested by ELISA
(Agdia Pathoscreen Kit for Phytophthora [#PSA 92600]). All samples were tested
further by either real-time or nested PCR.specific for Phytophthora ramorum.
(APHIS website:

http://www.aphis.usda.gov/plant_health/plant pest info/pram/protocols.shtml .)
When available, up to 24 leaf samples per species were removed to evaluate the
potential for leaf lesions to produce sporangia and chlamydospores (4 leaves from
each of 6 replicates). For each sampled leaf, up to 3 (6 mm diameter) leaf-disks were
punched from the margin of the lesions. A total of 6 randomly selected leaf-disks
from each replicate were placed in a Petri plate and were flooded with enough
deionized water to just cover the leaf disks. Plates were incubated at 20 °C in the
dark. Sporangia and chlamydospores on the margin of the leaf-disks was identified
by propagule type and counted one week after flooding.

Environmental conditions were monitored on the experimental site with a portable
digital weather station (Onset Computer Co.). The average maximum, minimum,
mean, temperatures and cumulative rainfall were for summer: 25.7 °C, 8.0 °C,

15.1 °C, and 1.9 mm respectively; for fall: 15.3°C, 2.8 °C, 8.0 °C, and 257.7 mm
respectively; for winter: 15.9 °C, 3.9 °C, 9.1 °C, and 235.4 mm respectively; for
spring: 27.3°C, 9.6°C, 17.5°C, and 5.9 mm respectively. Spring 2006 was notable
for its record-breaking high temperatures and low rainfall.

Results and Discussion

Growth rates for camellia and rhododendron lesions were fastest in the fall and
winter and slowest in the spring when temperatures were unusually hot (fig. 1 and 2).
Leaf lesions developed as “waves” of alternating dark and tan necrotic areas. Dark
brown portions surrounded by lighter halos were associated with periods when
lesions were expanding rapidly during cool, wet conditions. Light tan areas were
associated with periods when lesion growth slowed or stopped during hot and dry
conditions. Camellia leaf abscission occurred as a result of P. ramorum infection.
Leaf abscission occurred more quickly when lesion growth was rapid in the fall and
winter. All camellia leaves had fallen by 12 weeks after inoculation. Leaf abscission
occurred very slowly in the spring when lesion growth was slow. Most leaves had not
abscised for up to 16 weeks after inoculation (fig. 3). Leaves often fell before the
lesions became larger than 4 cm”. Rhododendron leaves abscised infrequently and
then only in the winter.

Under laboratory conditions, sporangia and chlamydospore production declined as
lesions aged. Flooded camellia leaf-disks were capable of producing chlamydospores
and sporangia 8 to 12 weeks after initial inoculation. More propagules were produced
in camellia from leaves inoculated in fall and winter than in other seasons (fig. 4).
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Figure 1—Mean lesion area on camellia leaves (N = 30 at first sampling) inoculated
with  Phytophthora ramorum during different seasons. Different bar patterns
correspond to the number of weeks leaves were harvested after inoculation. Error
bars indicate the standard error of the mean for each timepoint (NA = not available).
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Figure 2—Mean lesion area on rhododendron leaves (N = 30 at first sampling)
inoculated with Phytophthora ramorum during different seasons. Different bar
patterns correspond to the number of weeks leaves were harvested after
inoculation. Error bars indicate the standard error of the mean for each timepoint.
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Figure 3—Percentage 420 camellia leaves (N = 420) inoculated with Phytophthora
ramorum that had abscised or had been sampled after seasonal inoculation.
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Figure 4—Mean production of sporangia and chlamydospores from Phytophthora
ramorum-infected camellia leaf disks. Leaves were inoculated once per season and
sampled weekly up to 24 weeks after inoculation. (NA = not available.) Upper figure
represents sporangial counts, lower figure represents chlamydospore counts. All
counts were made from the disk margin of disks flooded with deionized water.
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ELISA and PCR (nested and real time) detected P. ramorum 100 percent of the time
regardless of season and leaf age up to 16 weeks after inoculation. Successful
laboratory isolations on PARP media by the state laboratory were made with summer
inoculated leaves up to 20 weeks, with fall up to 24 weeks, with winter up to 20
weeks, but with spring only up to 4 weeks after inoculation. Laboratory detection
locally (without shipment) with PARP generally mirrored this result (fig. 6).
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Figure 5—Mean production of sporangia and chlamydospores from Phytophthora
ramorum-infected rhododendron leaf disks. Leaves were inoculated once per
season and sampled weekly for up to 24 weeks after inoculation. (NA = not
available.) Upper figure represents sporangial counts, lower figure represents
chlamydospore counts. All counts were made from the disk margin of disks flooded
with deionized water.
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Detection Success with PARP- after Shipment- at Official Diagnostic Laboratory
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Figure 6—Mean percentage of rhododendron and camellia leaf pieces inoculated with
P. ramorum that grew on PARP semi-selective media. Leaves from both species were
inoculated once per season and then leaves (N = 24 at first sampling) were sampled
once per week for up to 24 weeks after inoculation. Detection is by California
Department of Food and Agriculture (CDFA) Diagnostic Laboratory (Sacramento)
after courier shipment (top chart), or by local laboratory without shipment (bottom
chart). Error bars represent standard error of the mean. (Detection at the first three
sampling dates cultured at CDFA (top chart) were not quantified, but were all positive
(+) for P. ramorum.)
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Monitoring for Phytophthora ramorum and
Other Species of Phytophthora in Nurseries
and Urban Areas in the Southeastern USA'

Yeshi A. Wamishe,? Steven N. Jeffers,® and Jaesoon Hwang?

Abstract

Nurseries in the southeastern United States that received ornamental plants in 2004 colonized
by Phytophthora ramorum and the surrounding urban areas are being monitored to determine
if this pathogen has escaped and become established. At the same time, the prevalence and
diversity of other species of Phytophthora are being investigated. Water and field soil were
collected from six retail nurseries in Florida in February and March 2006 and from three retail
nurseries in South Carolina in both spring and fall 2006. Water samples (1 to 2 liter) were
collected from streams, retention basins, and irrigation ponds; samples of field soil (1 to 2
liter) were collected from areas where diseased plants previously had been located. In
addition, 20 suburban streams draining urban landscapes in South Carolina, where infested or
infected plants may have been planted, also were monitored. Streams fed by multiple feeder
creeks and that drained large landscape areas were selected for monitoring. Three to seven
streams were sampled in each of five cities (Seneca, Greenville, Spartanburg, Columbia, and
Aiken) in the central to northern part of South Carolina. A 1- to 2-liter sample of water was
collected from each stream in spring and fall 2006. Water samples from nurseries and
suburban streams were held in a cool ice chest and processed within 10 to 14 hours after
collection. For each water sample, eight subsamples (50 to 200 ml, depending on water
quality) were pulled through 47 mm-diameter membrane filters (Nuclepore with 3 um pores
or Durapore with 5 um pores) by vacuum to trap propagules of Phytophthora spp. Filters then
were inverted onto PARPH-V8 selective medium to recover isolates of Phytophthora spp.
Colonies of Phytophthora spp. were counted and representative isolates were sub-cultured
and stored at 15°C in the dark. For each nursery soil sample, three 100-ml subsamples were
flooded with 200 ml of distilled water and camellia and rhododendron leaf pieces were floated
on the water surface for 3 days at 20°C in the dark. Leaf pieces then were embedded in
PARPH-V8 selective medium, and plates were placed in the dark at 20°C for 7 to 10 days to
isolate Phytophthora spp. Representative colonies were subcultured and stored as mentioned
above. GPS coordinates were recorded at each soil and water sample site, and water
temperature and pH were measured at each water site.

At the nurseries in both Florida and South Carolina, Phytophthora spp. (including

P. cinnamomi, P. citricola, P. palmivora, P. gonapodyides, and several unidentified species)
were recovered from 13 out of 15 water samples and from 16 out of 24 soil samples. At one
nursery in Florida, low levels of P. ramorum were recovered from a sample of standing water
in a retention basin and from one field soil sample that was collected where infested plants
previously had been loaded and unloaded. However, state personnel found camellia plants
with ramorum blight nearby when we were collecting our water and soil samples. P. ramorum

" A version of this paper was presented at the Sudden Oak Death Third Science Symposium, March 5-9,
2007, Santa Rosa, California.
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was not recovered when additional water and soil samples were collected 2 weeks later.
Therefore, these results may indicate that the P. ramorum propagules detected in the two soil
and water samples were only transient inocula from the diseased plants present at the time
samples were collected and were not evidence of an established population. Additional
sampling and testing will be needed to determine whether or not P. ramorum is persisting in
the area. To date, P. ramorum has not been detected in any of the streams draining urban
landscapes in South Carolina; however, other species of Phytophthora were found in all 20 of
the suburban streams sampled. Identification of these species is in progress. P. gonapodyides
was recovered from all the streams, and the diversity of species of Phytophthora appeared to
be greater in the fall than the spring. Monitoring of nurseries and suburban streams will
continue in 2007.

Key words: Sudden oak death, Phytophthora spp. in streams and nurseries, diversity.
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Four Years Experience With Filtration
Systems in Commercial Nurseries for
Eliminating Phytophthora Species From
Recirculation Water’

T. Ufer,” M. Posner,’ H.-P. Wessels,* S. Wagner,? K. Kaminski,?
T. Brand,’ and S. Werres?

Abstract

In a four year project, three different filtration systems were tested under commercial nursery
conditions to eliminate Phytophthora spp. from irrigation water. Five nurseries were involved
in the project. Slow sand filtration systems were tested in three nurseries. In the fourth nursery,
a filtration system with lava grains (Shieer® Bio filtration) was tested and in the fifth nursery,
a constructed wetland was investigated. The average filtration capacities per year (2003 until
2005) were between 30,000 and 100,000 m* water for the three sand filtration systems, about
46,000 m? for the lava grain filtration system and approximately 5,000 m* for the constructed
wetland filtration system.

In total, between eight (constructed wetland) and 11 (the other nurseries) water samples were
taken in May, August and October from 2003 until 2006 before and after filtration and were
tested for the occurrence of Phytophthora spp. in the laboratory.

Preliminary results from 2003 until August 2006 indicate that the frequency of water samples
with Phytophthora in the three nurseries testing the slow sand filtration was between 36
percent and 91 percent. All three sand filtration systems eliminated Phytophthora completely;
in none of the samples taken just after filtration were these microorganisms detected. In the
nursery with the lava grain filtration system, about 55 percent of the pre-filtered water samples
tested positive for Phytophthora. Phytophthora was detected in only one sample after
filtration. This sample was taken after the filtration system was switched off. At the
constructed wetland, about 89 percent of the water samples taken from the water reservoir
were contaminated with Phytophthora spp. After filtration about 37 percent of the samples
were still contaminated. The slow sand filters have lower construction costs, annual costs and
costs per m® filtered water but have lower volume filtration capacities than the lava grain filter
system (Shieer® Bio Filter).

Key words: Phytophthora ramorum, sudden oak death, ramorum blight, water, nursery,
control, filtration systems.
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Soil Treatments for the Elimination of
Phytophthora ramorum From Nursery
Beds: Current Knowledge From the
Laboratory and the Field’

L.E. Yakabe? and J.D. MacDonald?

Abstract

Over the past years, ramorum blight, caused by Phytophthora ramorum, has reoccurred at
specific nurseries. In many cases, the re-emergence of the disease could not be traced to a
second introduction. Since it is known that P. ramorum propagules can survive for over a year
in soil, it is not unreasonable to hypothesize re-emergence of the disease may be attributed to
inoculum surviving in soil beds. Although the United States Department of Agriculture-
Animal and Plant Health Inspection Service (USDA-APHIS) Confirmed Nursery Protocol
recommends soil beds be treated with heat, chloropicrin, dazomet, metam-sodium, or methyl
bromide, the number of re-emergent nurseries suggests failures of these recommendations.
Label recommendations may not provide complete eradication. For example, P. ramorum
was still detectable after dazomet (Basamid®) (158.77 kg/0.40 ha = 350 Ib/acre) was applied
to an infested nursery site and sealed with a water cap as opposed to a polyethylene tarp.
Additionally, some of the recommended methods are not feasible in many nursery settings
due to lack of chemical availability, buffer zone requirements, or township caps. More needs
to be known about treatment materials and methods to provide nurserymen with viable
options to manage this disease.

Initial in vitro testing, using artificially-infested soil in mason jars, has been conducted to test
various rates, combinations, and application methods of (1) chloropicrin, (2) 1,3[]
dichloropropene, (3) 1,3.dicholopropene with 35 percent of chloropicrin (Telone C35%), (4)
metam sodium (Vapam®), (5) iodomethane, (6) dazomet (Basamid®), (7) dimethyldisulfite,
(8) hydrogen dioxide (Terraclean™), and (9) hydrogen dioxide (Zerotol™), using a
polyethylene barrier to prevent escape of volatiles where applicable. Chemicals were tested at
recommended, two times recommended, and half recommended rates. Treatments were
applied at the position in the soil profile recommended or at the top of the soil profile. Treated
soil was covered with polyethylene for two weeks or the label minimum re-entry period.
Except for dimethyldisulfite, 1,3-dichloropropene, Terraclean®, and Zerotol®, P. ramorum
was not detectable after treatments under in vitro conditions. Dimethyldisulfite (90.72 kg/0.40
ha =200 Ib/acre), 1,3-dichloropropene (45.36 kg/0.40 ha = 100 Ib/acre), Terraclean® (1:1000
dilution applied to saturation) and Zerotol” (1:50 dilution applied to saturation) only reduced
the number of viable propagules.

In 2005, three cooperating ornamental nurseries with infested sites suitable for fumigation
opted to use Basamid® (158.76 kg/0.4. ha = 350 Ib/acre) incorporated throughout the soil
profile. The beds were sealed with a polyethylene tarp for 14 days. Phytophthora ramorum
was not detected after treatment. Two of these nurseries have not been positive in 2006. One

"' A version of this paper was presented at the Sudden Oak Death Third Science Symposium, March 5-9,
2007, Santa Rosa, California.
? Department of Plant Pathology, University of California, Davis, Davis, CA 95616.
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nursery was positive in 2006, but the infested bed had no relation to the previous 2005 treated
plot.

In 2005 and 2006, other nurseries that could not apply fumigants opted to treat their infested
soil with hypochlorite, quaternary ammonia, or phosphites. In each case P. ramorum was
detected after these treatments. To provide treatment options for nurseries unable to fumigate,
we have begun experiments utilizing solarization and steam treatments.
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Recommended Industry Best Management
Practices for the Prevention of
Phytophthora ramorum Introduction in
Nursery Operations!’

Karen Suslow?

Abstract

The following industry recommended best management practices (BMPs), designed for growers
and/or interstate shippers of host and associated host plants of Phytophthora ramorum, consists of
biosecurity guidelines created by and for nursery growers in order to reduce the risks associated
with P. ramorum. The control of P. ramorum is based on the insertion of multiple hurdles to
prevent the introduction of the pathogen into nursery operations.

The BMPs were created in 2002 when the first United States Department of Agriculture (USDA) P.
ramorum compliance agreements were issued to interstate shippers from California (CA)
quarantined counties. Over the past several years, the draft document has been reviewed and input
provided by Agricultural Research Service (ARS) scientists, nursery people, National Plant Board
(NPB) members and Horticultural Research Institute members to reflect advancements in research
on this pathogen. Collaboration efforts were also undertaken with Canadian and British regulatory
agencies.

The BMPs are divided into four management categories: Pest Prevention/Management, Training,
Internal/External Audits, Records/Traceability and Documentation. Individual nurseries are
encouraged to review these practices and voluntarily apply some or all of them, depending upon
their production systems, physical location, nursery type, regional climatic conditions, geographical
location and the plants grown. The document is a draft and will continually be updated as research
is conducted and made available.

A pilot program to determine the benefit of the BMPs is being developed with the three western
state nursery industries and state regulatory agencies operating as third-party auditors.

Key words: Phytophthora ramorum, best management practices, prevention, nursery
operations.

Best Management Practices for Nurseries

The following industry recommended best management practices (BMPs), designed for
growers and/or interstate shippers of host and associated host plants of P. ramorum,
consists of biosecurity guidelines created to assist nursery crop producers in developing an
effective monitoring and action plan to reduce the risks associated

" A version of this paper was presented at the Sudden Oak Death Third Science Symposium, March 5-9,
2007, Santa Rosa, California.
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with P. ramorum. The control of P. ramorum is based on minimizing the risk of
introduction and preventing the survival of the pathogen within the nursery.

This draft document is designed to offer scientifically-based risk mitigation measures
for nurseries. Individual nurseries are encouraged to review these practices and
voluntarily apply some or all of them, depending upon their production systems,
physical location, nursery type, regional climatic conditions, geographical location
and the plants grown.

In the future, it is envisioned that a formal BMP program may be implemented as an
alternative to the current federal regulatory approach. Such a program would likely be
established as a federal program with collaboration of the United States Department of
Agriculture-Animal and Plant Health Inspection Service (USDA-APHIS), the nursery
industry, and state departments of agriculture. In a formal program context, each BMP
would be accompanied by a documentation sheet identifying the practice that is
employed. If a participating grower, in collaboration with the appropriate auditor or
oversight authority, determines the BMP is appropriate for the specific nursery, the
Site Specific ‘Box’ would be checked. Additionally, if a BMP is not applicable for a
particular site, the N/A ‘Box’ would be checked. The BMPs which are equivalent to
requirements currently mandated in the P. ramorum Federal Interim Rule, 7 CFR
301.92, are noted as such in the left margin next to each BMP in this document. Each
of the BMPs marked “Regulated” are mandatory.

The ‘auditor’ or oversight authority would review the documentation sheets on an
annual basis. Nurseries will also be responsible for notifying the auditor or oversight
authority when a modification to a nursery practice occurs.

The following recommended best management practices for nurseries “free from”
P. ramorum were developed using the North American Plant Protection
Organization’s Regional Standard for Phytosanitary Measures (RSPM) Number 24.
These risk mitigation measures may be utilized as a stepping stone to a clean stock-
like program, such as the United States nursery certification program.

I. Pest Prevention/Management

A. Moisture Management
B. Nursery Layout
C. Cleaning and Sanitation/Plant Debris Handling
and Disposal
D. Weed Control and Established Nursery Plants
II. Training
I11. Internal/External Monitoring/Audits
A. Inspection of Plants
IV. Records/Traceability
A. Incoming Plants and Returned/Returning Plants
B. Record Keeping
V. Documentation of Program Procedures
VI. High Risk Plants
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I. Pest Prevention/Management
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A. Moisture Management:

GOAL: Minimize moisture conditions condusive to P. ramorum.

BMPs to consider implementing to reach stated goal:

1) Avoid overhead irrigation of high-risk plants. Irrigate in a
manner to avoid prolonged leaf wetness of 12 hours or more.

Rationale:

Properly time irrigation events to reduce conditions favorable
for disease development. Extended leaf wetness (such as
overnight) is conducive to pathogen infection.

Requirement for External Audit: documentation of
irrigation practices

2) Irrigation water from any source other than well or municipal
water supplies shall be monitored and tested to confirm that it is
free from the pathogen.

Rationale:

For growing operations that utilize open irrigation water
sources (ponds, lakes, streams), and/or who blend both
well and surface water sources for irrigation purposes,
proper water treatment (in other words ozonation,
chlorination or other water disinfection program) is
recommended. Attention also needs to be directed to
possible well water contamination with the P. ramorum
pathogen by back siphoning of irrigation water or
water/soil into the system.

Requirement for External Audit: documentation of water
sources

3) Divert soil and water movement, during storm-related events,
from hillsides populated with P. ramorum host plants.

Rationale:

Keep possible offsite contamination from entering
production location. Unless the offsite area has been
properly surveyed and determined to be P. ramorum free,
the grower cannot assume that run-off from off-site is not
contaminated with P. ramorum spores.

Requirement for External Audit: nursery site inspection
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4) Avoid or minimize accumulation of standing surface water in
containerized high-risk (HR) plant beds.

Rationale:

Phytophthora spp. are transmitted via water and repeat
finds occur more often in HR plant beds where standing
water accumulates. The pathogen may potentially enter
through the roots or by splashing onto leaf surfaces.

Requirement for External Audit: documentation of
irrigation practices

B. Nursery Lavout:

|:| Soecific to Nursery

|:| Regulat

L]

i
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GOAL: Reduce potential introduction and minimize the spread of
P. ramorum through nursery operations.

BMPs to consider implementing to reach stated goal:

1) Reduce potential inoculum splash from high-risk (HR) plants
to other crops.

a. Create a physical barrier between HR plants and all other
crops or

b. Create a 2-meter break between HR plants and all other crops
or

c. Develop preventive spray program year round when plants
haveleaves or

d. Interplant with non-host plants to the genus level.

Rationale:

Many positive plants have been associated with nurseries
that have also had positive camellias and/or
rhododendrons. (See High Risk proposal)

Requirement for External Audit: nursery site inspection

2) Review your Field Layout Plan. Determine how you can
minimize the impact of the USDA Confirmed Nursery Protocol if
P. ramorum is found. Break up long sections of host and
associated host plants (HAP) with non-HAP material to the genus
level. (USDA-Agricultural Research Service is investigating
potential non-host material.)

Rationale:

Nursery production bed layout, mixing or alternating of
HAP and non HAP plant material in production beds can
help eliminate large contiguous monocultures of plants
that are P. ramorum susceptible.

Requirement for External Audit: mapping of stock
location
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3) Maintain a separate cull pile for high-risk plants so it is not
included in the soil recycling pile for potential future reuse. If
infested plants are found, the pile must be quarantined and

treated, or disposed of, according to regulatory requirements.

Rationale:

Proper sanitation measures reduces the risk of spreading
the pathogen in the recycled soil within and outside the
nursery.

Requirement for External Audit: nursery site inspection

Cleaning and Sanitation/Plant Debris Handling and

Disposal:

GOAL: Reduce potential introduction and minimize the spread of P.
ramorum through nursery practices.

BMPs to consider implementing to reach stated goal:

1) For nurseries in high risk (HR) areas (near a native find) or for
recurrent nurseries, pick up and dispose of leaf debris in HR plant
production areas during the time of year when the pathogen is
most prevalent or institute a preventative spray program.

Rationale:

General sanitation practice. Use of a leaf vacuum is an
appropriate method to gather leaves during the time of
year when the pathogen is most prevalent, for example
early and late winter. Proper disposal of leafy debris
should be governed by appropriate local/state/federal
recommendations (bagging, burning, burying off site, and
so forth).

Requirement for External Audit: nursery site inspection.

2) After every crop rotation, disinfect propagation mist beds,
sorting area, cutting benches, machines and tools to minimize the
spread or introduction of pathogens.

Rationale:

Basic sanitation practices should be followed using
registered fungicides in accordance with label instructions
to reduce possible points of entry/contamination in the
production cycle.

Requirement for External Audit: documentation of
nursery personnel training
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L1000 3) If you visit known P. ramorum infested areas, wash shoes, tools
and vehicles that may have contacted contaminated soils before
traveling to disease free areas.

Rationale:

Best defense is to not visit areas where known infestations
are occurring to reduce possible accidental introduction of
the pathogen into the nursery production site. If grower
has visited infested areas, appropriate sanitation measures
(washing and steam cleaning of trucks, and so forth) as
recommended by regulatory authorities should be
undertaken.

Requirement for External Audit: documentation of
nursery sanitation procedures training

|:| |:| |:| 4) Use new or clean and sanitized pots for high-risk plant
production.

Rationale:

This measure reduces the potential of any unknown
residual P. ramorum contamination on the nursery site and
possible further disseminating of the pathogen throughout
the nursery. New pots should be stored and handled in
such a manner as to avoid contact with potential P.
ramorum sources. Recycled pots should be thoroughly
cleaned of any residual substrate and disinfected before
reuse. Recycled pots should also be stored and handled in
such a manner as to avoid contact with potential P.
ramorum sources.

Requirement for External Audit: documentation of nursery
sanitation practices

|:| |:| |:| 5) Ensure runoff from all cull piles is directed away from soil
components, soil mixing area, and growing beds to prevent
contamination.

Rationale:

Avoids any possibility of cross contamination. If growers
cull infested material, sanitation methods should be
established to clean/disinfect trucks, wagons, and tools
that are used to move infested material.

Requirement for External Audit: nursery site inspection

HIER 6) For plants that are prone to disease, chemically treat crop in
field prior to taking cuttings and dip cuttings in an approved
disinfectant solution before sticking.

Rationale:
Treatment of stock plants with registered disinfectant(s)
before cutting of the propagation material can reduce the
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possible introduction of contaminated plant material into
the propagation cycle and protect the open wounds from
possible pathogen infection.

Requirement for External Audit: nursery pesticide

D. Weed Control and Established Nursery Plants:

|:| Specific to Nursery

[ na

10

GOAL: Reduce the potential for inoculum buildup of P. ramorum in
weeds and established nursery plants.

BMPs to consider implementing to reach stated goal:

1) Manage weeds on the nursery site as they can potentially serve as
alternate hosts of P. ramorum.

Rationale:

Maintaining clean cultivation in and around the production
site may eliminate possible reservoirs of P. ramorum
pathogen. Since it is not known if insect vectors can also
carry P. ramorum, clean cultivation will reduce opportunities
for insect infestations and contamination in the nursery.

Requirement for External Audit: nursery site inspection

2) No over story or under story of known P. ramorum hosts on
nursery growing grounds should be maintained unless regular
monitoring of those hosts is performed.

Rationale:

Reduce the potential of offsite contamination of P. ramorum
into the production site by establishing a regular monitoring
program for P. ramorum host plants in the environs of the
nursery. Monitoring program should be based upon the
specific life cycle of the disease within that specific growing
region and the time of year when the pathogen is most
prevalent.

Requirement for External Audit: nursery site inspection

II. Training

& Regulated
[]
[]

Specific to Nursery

NA

GOAL: Enhance prompt disease recognition.

BMPs to consider implementing to reach stated goal:

1) Nursery personnel should attend one or more P. ramorum
trainings conducted by qualified personnel or document self-
training via one of the two websites below
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Rationale:

Responsibility for P. ramorum management on nursery
site should be the responsibility of a specified group of
trained nursery personnel. These individuals should be
trained in all aspects of the management of the disease.
Special attention should be given to staying informed of
new research findings regarding the disease and any
changes in regulations regarding plant sampling, testing or
shipping of product. Training is available through the
USDA-Forest Service, CA Oak Mortality Task Force
(COMTF), state agriculture departments, county
agricultural commissioners offices or through selected
universities.

On line at USDA website:
www.aphis.usda.gov/ppq/ispm/pramorum
Or on line at COMTF website: www.suddenoakdeath.org

Requirement for External Audit: documentation of
training

2) Educate nursery personnel to recognize and report pest or
disease problems.

Rationale:

Personnel should be trained to not only look for P.
ramorum symptoms but for any symptoms of plant
abnormality in the production system.

Requirement for External Audit: documentation of training

3) Educate employees and managers about their company’s
implemented BMP’s.

Rationale:

Appropriate manager(s) should work with their state
agriculture department, county agriculture department
and/or knowledgeable university personnel to identify the
specific, appropriate recommended BMPs to implement in
order to minimize the risk of introduction of P. ramorum
into their nursery operation.

Requirement for External Audit: documentation of
training
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II1. Internal and External Monitoring/Audits

GOAL: Regularly inspect plants in and around the nursery to
ensure earliest possible detection of P. ramorum infection.

BMPs to consider implementing to reach stated goal:

& Regulated
[l
|:| NA

1) Annual nursery inspection of all plants in the nursery with a
focus on P. ramorum-like symptoms. Inspection includes
mandatory testing of at least 40 symptomatic samples.

Rationale:

The host list continues to expand and as a result, all plants need
to be inspected for P. ramorum-like symptoms. Current state
and federal regulations require a minimum of 40 samples to be
taken and tested.

Requirement for External Audit: annual nursery inspection report

X 2) Nursery to inspect high-risk (HR) plants, such as camellias and
rhododendrons, monthly throughout the growing season,
particularly after pruning or a significant weather event.

Regulators to inspect HR plants twice a year. Train employees to
look for and report symptoms when working with the HR plants.

Rationale:

Camellia and Rhododendron species have comprised the
majority of the total positive plants in nursery settings
throughout the regulated area. (See High Risk Proposal-
under discussion if to whether or not this BMP should be
regulated)

Requirement for External Audit: documentation of
nursery practices

I 3) Routinely monitor incoming HAP for symptoms of P. ramorum.

Rationale:

First line of defense. Grower priority should be to ensure
that potentially contaminated stock is not allowed to enter
the production site.

Requirement for External Audit: documentation of nursery
practices
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I

I

4) Routinely* inspect HAP in the landscape on the growing
grounds and in the surrounding area for symptoms of P.
ramorum.

Rationale:

HAP plant material should be visually screened on a
regular basis for any abnormalities. *Special attention
should be given to those times when the pathogen is most
prevalent.

Requirement for External Audit: documentation of
nursery practices

5) Ensure the use of P. ramorum free growing media/growth
substrate.

Rationale:

Given that P. ramorum may contaminate potting
substrates, it is critical for the grower to reduce any
sources of contamination in peat, bark, and other organic
components of the substrate. Proper documentation of
disease free substrate materials shipped into the site should
be obtained. Proper storage and prompt use of substrate
materials (for example covered, prevented from contact
with native soil), is critical.

Requirement for External Audit: documentation of nursery
practices

IV. Records/Traceability

|X Regulated

124

|:| Specific to Nursery

[

A. Incoming Plants and Returned/Returning Plants:

GOAL: Reduce the potential introduction and spread of P. ramorum
through nursery trade.

BMPs to consider implementing to reach stated goal:

1) Confirm nursery stock is propagated from materials obtained
onsite, or is received from nurseries that are licensed and/or
certified according to all applicable phytosanitary laws and
regulations.

Rationale:

First line of defense. Know your supplier. Grower priority
should be to ensure that potentially contaminated stock is
not purchased or allowed to enter production site.

Requirement for External Audit: documentation of
nursery practices
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2) Avoid product returns of nursery stock from a receiver in a
quarantined area or from nurseries that are not under

P. ramorum compliance. If unavoidable, contact your county
agriculture department or appropriate plant regulatory agency
prior to accepting the nursery stock return.

Rationale:
Avoids possible cross contamination. Returned stock may
have been exposed to P. ramorum prior to return.

Requirement for External Audit: nursery map,
documentation of nursery practices.

3) Nurseries should avoid commingling incoming HAP nursery
stock with existing stock.

Rationale:

Avoids cross contamination of clean and potentially
diseased material. Assists with inventory control and
tracking of plant material in the nursery.

Requirement for External Audit: documentation of
nursery practices, nursery site inspection

4) For HAP buy-ins, suspend the use of Phytophthora specific
fungicides on 10 percent or 100 plants, whichever is fewer, for a
two month period to determine if fungicides that may have been
used by seller were masking symptoms of P. ramorum or, through
your state agricultural department, sample and test a
representative group via ELISA or PCR. If tests are negative, the
above BMP is not applicable.

Rationale:
This recommendation correlates with a3 (above) and
supplements isolation efforts.

Requirement for External Audit: documentation of
nursery practices

5) Authorized and knowledgeable personnel should visually
inspect all nursery stock (buy-ins, transfers, and returns),
regardless of origin, for symptoms of P. ramorum prior to
introduction into the nursery facility.

Rationale:

Because not all areas of the country can be certified P.
ramorum free, this visual evaluation of off-site nursery
stock can provide a major screening defense to the
introduction of the pathogen.

Requirement for External Audit: documentation of
nursery personnel training, documentation of nursery
practices
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I

NN

& Regulated
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|:| Specific to Nursery

L] na

6) Off load incoming HR plant shipments to an area that can be
cleaned of leafy debris. Sweep incoming plant debris from the
receiving area and the delivery truck. Collect debris and dispose
of appropriately.

Rationale:

Basic sanitation to remove possible sources of disease
inoculum. Proper disposal of leafy debris should be
governed by appropriate local/state/federal
recommendations (bagging, burning, burying off site, and
so forth). Composting of infected plant debris is not an
acceptable practice. Leaf litter has been shown to be a
potential source of inoculum.

Requirement for External Audit: documentation of
nursery

7) Monitor sanitation practices of delivery trucks that ship HR
plants. Assure that trucks are properly cleaned of plant debris
between shipments.

Rationale:
Trucks may be a source of inoculum if not cleaned

properly.

Requirement for External Audit: documentation of nursery
practices

B. Record Keeping:

GOAL: Keep incoming and outgoing plant records for the purpose of
identifying where plants originated and where plants have been send in
the event the nursery is found infested with P. ramorum.

BMPs to consider implementing to reach stated goal:

1) Maintain for two years minimum: accurate shipping
documentation identifying product, amount, date and origin or
receiver for the purpose of identifying trace backs and trace
forwards.

Rationale:

Proper documentation protects not only the grower but
also the receiver of plant material. Production operation
should investigate methods for quick recording and
retrieval of documentation. Disease monitoring and
scouting results should be integrated with inventory
control to provide rapid trace forward and back of
suspected infested nursery stock.
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Requirement for External Audit: nursery inspection (of

records).

HIEE 2) Consider strategies that would facilitate the rapid identification
and segregation of product based upon production location from
the time it has left the growing operation through final sale.

Rationale:

Operations personnel should develop a “Code Red” crisis
management plan for dealing with possible P. ramorum
infestations that stresses containment and considers all
aspects of the plant production cycle, but especially the
movement of plant material around site and shipping off
site.

Requirement for External Audit: written nursery “Code
Red” plan

V. Documentation of Program Procedures

GOAL: Provide proof that the nursery’s BMP’s are documents and
implemented.

Example information to include in manual:

1) Employee training records

2) Internal systems review procedure

3) List of implemented BMPs that are appropriate for your site based upon
the nurseries specific production systems, physical location, nursery
type, regional climatic conditions and the plants grown. Documentation
sheets are being developed for each BMP

VI. High risk plants

The NPB Western region high risk proposal is aimed at camellias and
rhododendrons with the caveat that should any other plant demonstrate the same
level of risk, they be added to the mitigation measures the Working Group
agrees to. In the western region, 88 percent of infected plants are in either of
these two genera.

1) In CA: Camellia and Rhododendron
2) InBC, OR, WA: Camellia, Rhododendron

This document is a work in progress. Please use the following contact
information for all questions, comments or suggestions:

Karen Suslow: ksuslow@hineshort.com

Kathy Kosta: kkosta@cdfa.ca.gov
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Facts or Friction: The Evolving Role of
Science in Phytosanitary Issues’

Eric Allen?
Abstract

With the expansion of global trade, problems with invasive alien pests have also grown. In
order to reduce the international movement of plant pests and protect valuable plant resources,
national plant protection regulations and international standards continue to be developed.
Science is critical to the development of effective national and international plant protection
regulations aimed at reducing the spread of plant pests. There is an increasing recognition that
such regulations be “science-based” as identified in the World Trade Organization Sanitary
and Phytosanitary Measures (WTO-SPS) agreement. This need is clearly recognized by the
Commission on Phytosanitary Measures (CPM), the governing body of the International Plant
Protection Convention (IPPC). The CPM has established expert working groups and technical
panels with scientific capacity to support the development of international phytosanitary
standards. Science is valuable to plant health regulators as it is a useful tool to identify and
address plant pest problems, and is often used in “technical justification” required in domestic
and international trade disputes.

Within the structure of the IPPC, a group known as the Standards Committee initiates new
international plant protection standards, relying on expert working groups and technical
panels to provide accurate scientific information as a basis for their development. Members of
these groups are recognized global experts in science and plant health regulatory issues and
work from within their national institutions (universities, government agencies, etc) for the
benefit of the IPPC. Another group, the International Forestry Quarantine Research Group
(IFQRG) is an independent body formed in 2004 focusing on global forestry quarantine
issues. This group of scientific specialists and plant health regulators produces issue-specific
analyses and undertakes collaborative research in cooperation with the IPPC.

Although much of this work is carried out in a spirit of cooperation, trade considerations and
an increasing global awareness regarding phytosanitary issues can lead to disagreements and
scientific information is often requested to help resolve disputes. However, there is often a
shortage of published information and disputing countries may have different interpretations
of experimental results. In recognition of these challenges, there are global efforts to increase
international research collaborations to address existing and anticipated phytosanitary
problems, where possible standardizing research protocols with cooperative analyses of
results. It is hoped that this will lead to greater clarification of pest problems, improved
regulations to minimize pest movement, and a reduction in pest-related disputes.

Key words: Regulatory, phytosanitary, International Plant Protection Convention.

! A version of this paper was presented at the Sudden Oak Death Third Science Symposium, March 5-9,
2007, Santa Rosa, California.

? Research Scientist, Natural Resources Canada, Canadian Forest Service, Victoria, British Columbia,
Canada.
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Phytophthora ramorum + P. kernoviae =
International Biosecurity Failure’

Clive Brasier?

Key words: Phytophthora ramorum, P. kernoviae, biosecurity, plant health.

Introduction

For a scientist, my title may seem a little sensationalist in tone. This is deliberate - to
draw attention to my issue. And here’s the issue. About six years ago the previously
unknown invasive pathogen P. ramorum sp. nov. was found spreading on trees and
shrubs in North America and Europe. Almost simultaneously in the U.K. we found
another previously unknown invasive Phytophthora on trees and shrubs, P. kernoviae
sp. nov. Shortly before that we found the previously unknown invasive P. alni sp.
nov. spreading on alders; and a decade before that the invasive P. ilicis on holly...
Four invasive Phytophthora species, each spreading for some years prior to their
discovery. And that’s just the Phytophthora species.... And that’s just the invasive
Phytophthora species we’ve actually found.

As scientists we usually discuss sudden oak death in the context of our specialist
scientific disciplines such as epidemiology, evolutionary biology, fire control,
diagnostics and so on. But the bottom line is that the ‘sudden’ appearance of a

P. ramorum, a P. kernoviae, or a P. alni is a symptom of a far bigger underlying
problem: the growing threat to our forests and natural ecosystems from invasive
forest pathogens (consult Brasier.and others 2006). Or, to put it another way, the low
efficacy of current international plant biosecurity protocols. I suggest that this is the
main scientific issue that we face. P. ramorum, P. kernoviae, P. alni, P. ilicis are
merely symptoms of the problem.

At the first sudden oak death symposium at Monterey in December 2002 the author
presented a scientific health check on the international protocols governing plant
movement. I concluded that although the international system was well regulated in
many countries, for example North America and the U.K., it could not succeed in
protecting our forests and natural ecosystems because of certain fundamental flaws
(summarised in Brasier 2005). One proposed flaw was that many invasive pathogens
were unknown to science until they escaped from their natural range, in other words,
until they became an invasive. There may be many such unknowns (90 percent of all
fungi? consult Hawksworth 2001). Such unknown threats cannot be formally
regulated against because they do not meet the requirement of being ‘listable’ as a
named threat organism. Before they were discovered causing damaging diseases in
the U.S. and Europe both P. ramorum and P. kernoviae were unknown to science.
Obviously, it was by then too late to prevent their initial escape. Both

! A version of this paper was presented at the Sudden Oak Death Third Science Symposium, March 5-9,
2007, Santa Rosa, California.

? Forest Research Agency, Alice Holt Lodge, Farnham, Surrey, GU10 4LH, U.K.
clive.brasier@forestry.gsi.gov.uk.

133



GENERAL TECHNICAL REPORT PSW-GTR-214

Phytophthora species probably arrived on plants imported by the nursery trade or
by plant collectors.

As with most new invasives, with the discovery of P. ramorum and P. kernoviae we
have been caught napping and left scrambling for scientific information. In this talk I
am going to pick out some of the excellent scientific information now emerging on
the behaviour of P. ramorum and P. kernoviae and consider what it may be telling us
about the efficacy of plant biosecurity.

Genetic Structure of P. ramorum and P. kernoviae
Populations: Near Clonal Molecular Polymorphism

Studies by Ivors and others on AFLP or microsatellite polymorphisms in P. ramorum
populations of Europe and North America (Ivors and others 2006) and by Hughes
and colleagues (K. Hughes, personal communication) on P. kernoviae populations in
the U.K. are revealing remarkable genetic uniformity within each species, consistent
with genetic bottlenecks following introductions. Together with evidence for an
initially limited geographic distribution of each species followed by spread out of the
initial areas, this genetic evidence is consistent with the recent introduction of

P. ramorum into the U.S. and Europe and of P. kernoviae into the U.K. Both species
are considered to be introduced from an exotic or unexplored ecosystem in another
part of the globe (see Brasier and others 2004).

This re-enforces the point that the escape of scientifically unknown pathogens from
exotic ecosystems is what we most need to prevent. Yet, as already indicated, our
international plant biosecurity protocols are based on lists of known, named
organisms. In reality, unknowns may represent a majority of the threats. In my
opinion, international plant biosecurity protocols need changing to take account of
this reality. Otherwise, as with P. ramorum and P. kernoviae, we may be will be
forever chasing the ripples after the splash, not preventing the splash (Brasier 2005).

Geographical Origins of P. ramorum, P. kernoviae

The geographic origins of P. ramorum and P. kernoviae have been suggested to be in
places such as Yunnan or the Himalayas (Brasier and others 2004). The ‘sudden’
appearance of these species in Europe and North America has already spawned two
expeditions to search for their origins: a United States Department of Agriculture-
Forest Service funded expedition to forests of Yunnan in 2005 involving Ellen
Goheen, Everett Hansen and Niklaus Grunwald; and a part FAO/ part self funded
expedition to forests of Nepal also in 2005 involving Andrea Vannini, Anna Brown,
Anna Maria Vettraino and Clive Brasier. The Yunnan crew isolated Phytophthora
spp., but unfortunately ran into local difficulties with bringing out their cultures. The
Nepal crew was more fortunate. No P. ramorum or P. kernoviae was found but, in
addition to P. citricola and a P. palmivora-like Phytophthora, an apparently
previously unknown forest Phytophthora species was discovered in the Himalayan
sub tropical forest zone.

The probable existence of another ‘new’ forest Phytophthora in Nepal again
emphasises that it is the scientifically unknown pathogens that we most need to worry
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about. Indeed, for a number of reasons we need to foster international cooperation
and encourage funding agencies to support more of the above types of expeditionary
searches. They represent part of a more proactive approach to providing information
for improving international plant biosecurity policy: too much of current research in
plant biosecurity is institutionalised and ‘box ticking’ (Brasier 2005). Such searches
can also help identify likely pathways of exotic pathogen arrival. Furthermore, the
study of a pathogen in its native habitat can shed light on its natural host range, and
ecology and dispersal: and its ‘normal’ population structure and population
dynamics. Indeed the population dynamics of endemic P. ramorum may be quite
different from invasive P. ramorum. Searches in areas where organisms such as

P. ramorum are indigenous may also lead to discovery of naturally occurring
biocontrol agents, and so widen our disease control armoury.

Origins of P. kernoviae — Emerging Information

In Cornwall, U.K., P. kernoviae is behaving as a recent invasive in terms of its
distribution, its spread and its genetic homogeneity. The recent publication of the
formal description of P. kernoviae (Brasier and others 2005) has led to its being
identified from soil at four different field locations in New Zealand (M. Dick and
others, New Zealand MAFF/Ensis, personal communications). Circumstantial
evidence indicates it has probably been present at one location in New Zealand since
at least the 1950s. It is also known that there have been contacts between nurseries
and plant collectors in Cornwall and nurseries and plant collectors in New Zealand.
However it is still unclear whether P. kernoviae is introduced to New Zealand or is
native there.

Behavioural Differences Between the EU1 and NA1
Molecular Lineages of P. ramorum

Research carried out on both sides of the Atlantic (for example Werres and Kaminski
2005; Huberli and others 2006; Brasier and others 2006) has shown that the two most
widespread molecular lineages of P. ramorum, one occurring in Europe (termed the
EU1 lineage) and the other dominant in North America (the NA1 lineage), differ
significantly in continuous phenotypic characters. For example they differ in their
colony patterns, in their mean growth rate and in their mean aggressiveness on
susceptible hosts; and EU1 isolates are much more stable in culture than NA1
isolates. These differences indicate adaptive differences between the two lineages. In
addition the EUT1 lineage is of predominantly A2 sexual compatibility type and the
NALI lineage of Al type.

Since P. ramorum is potentially ‘heterothallic’ in other words, a sexually outcrossing
fungus, these differences indicate that genetic recombination between the EU1 (A1)
and NA1 (A2) lineages could yield new phenotypes. Even without A1 x A2 sexual
mating, genetic recombination might occur via zoospore fusion between the EU1 and
NAI1 lineages. This emphasises the need to identify and prevent the spread and
intermixing of different genotypes of invasive pathogens. We cannot concentrate
solely on preventing the spread of different pathogen species.
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Host Range Studies

It is often popularly assumed that the initial pathway of introduction of P. ramorum
into Europe or North America was via imported Rhododendron, Camellia, or
Viburnum nursery stock; and of P. kernoviae via imported Rhododendron or
Magnolia stock. However, experience coming from host records in the field and from
laboratory-based host testing could indicate something rather different. The potential
host range of both species is clearly very wide: over 100 foliar and tree stem hosts
have been recorded in the field in the U.S. and Europe for P. ramorum; over 30 in
the U.K. for P. kernoviae. Laboratory tests reveal an ever widening potential host
range for both species. It has also been clear for some time that Rhododendron is
probably something of a ‘universal Phytophthora suscept’, it apparently being
susceptible to most of the Phytophthora species that can attack woody hosts.
Rhododendron may therefore simply be the ideal universal ‘ Phytophthora carrier’
(consult Brasier and others 2004).

These observations have a range of implications for biosecurity protocols. First, the
initial pathway host or a main pathway host in the invaded area, such as
rhododendron, may not necessarily be the common host in the pathogen’s geographic
area of origin. To identify the host(s) in the area of origin the net may therefore have
to be thrown very wide. Second, the initial pathway of introduction may not even
have involved rhododendron at all but another host altogether, P. ramorum or

P. kernoviae spreading onto rhododendron subsequently. Third, a Phytophthora
pathogen listed on quarantine schedules as causing damage on a specific host in
country A might be a serious threat to entirely different hosts and ecosystems in
country B. The absence of that specific host in country B is therefore insufficient
reason to consider the pathogen ‘non-threatening’.

Asymptomatic Sporulation on the Host

There have recently been two interesting new developments on the issue of
sporulation behaviour. A study by Riedel and colleagues in Germany (Poster, this
Proceedings) has shown that asymptomatic roots of infected rhododendrons harbour
chlamydospores of P. ramorum. Similarly studies by Denman, Moralejo and
colleagues in U.K. and Spain (this Proceedings) have shown that sporangial
production by both P. ramorum and P. kernoviae occurs on asymptomatic infected
leaves and fruits of a range of hosts including rhododendron, Quercus, Rosa, Smilax,
Crataegus and Laurus.

Assessment of the health of planting stock for quarantine certification is normally a
visual process. Many shipments of plants for planting are sent bare rooted. The above
studies show that visually healthy plants may harbour a sporulating pathogen in the
roots or the foliage, in other words, visual inspection alone may be insecure. They
also show that shipping stock bare-rooted is not a guarantee of plant biosecurity.
Indeed it might provide a false sense of security.

Presence of P. kernoviae and P. ramorum in Tree Xylem

Historically, tree Phytophthora species have not been perceived as inhabitants of
secondary xylem but as inhabitants of the phloem and cambium. Studies by Brown
and Brasier (2007) in the U.K. and Parke and others (2007) in Oregon have now
shown that P. kernoviae and P. ramorum are significant colonisers of xylem of for
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example Fagus, Quercus, Acer and Lithocarpus species; that P. ramorum and P.
kernoviae may spread within xylem and possibly recolonise the phloem from the
xylem; and that P. ramorum and P. kernoviae can remain viable (perennate) within
xylem for two or more years.

From a biosecurity perspective, these studies indicate that removal of outer sapwood
should be undertaken in protocols aimed at preventing national or international
spread of P. ramorum, P. kernoviae and other tree stem Phytophthora species in
affected timber: Brown and Brasier (2007) recommend removal of at least 3 cm of
outer sapwood with regard to P. ramorum and P. kernoviae—infected Fagus and
Quercus in the U.K.

Movement of P. ramorum and P. kernoviae by People

At the first SOD meeting in January 2002, Tjosvold, Davidson and colleagues
produced some striking data on the presence of P. 