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Abstract

Frankel, Susan J.; Shea, Patrick J.; and Haverty, Michael 1., tech. coords. 2006.
Proceedings of the sudden oak death second science symposium: the state of our
knowledge. 2005 January 18-21; Monterey, CA. Gen. Tech. Rep. PSW-GTR-196. Albany,
CA: Pacific Southwest Research Station, Forest Service, U.S. Department of Agriculture;
p- 571.

The Sudden Oak Death Second Science Symposium provided a forum for current
research on sudden oak death, caused by the exotic, quarantine pathogen, Phytoph-
thora ramorum. Ninety papers and forty-six posters on the following sudden oak
death/P. ramorum topics are included: biology, genetics, nursery and wildland man-
agement, monitoring, ecology, and diagnostics. Several papers on P. kernoviae and

other forest Phytophthora species are also presented.

Key words: sudden oak death, Phytophthora ramorum, invasive species, tanoak,

coast live oak
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Keynote Address Second Sudden Oak Death
Science Symposium Monterey California,
January 19, 2005

Representative Lynn Woolsey, California’s 6™ Congressional District

It is my great pleasure to be with you today at this impressive gathering of women and men of science.
As a member of the House Science Committee, | am privileged to regularly hear from people from
many disciplines in the scientific community. | so enjoy those hearings with not only brilliant, rigorous
thinkers, but also people with a passion for the truth and compassion for all living things. | am certain
that would describe the people in this room. How could it not be when your mission is, in the simplest
terms, to save this state’s, this country’s, and perhaps a great part of the world’s woodlands?

Sudden oak death (SOD), as you know, is somewhat of a misnomer. It does not come on suddenly and it
doesn’t just affect oaks. However, sudden oak death is a lot easier to pronounce than its cause,
Phytophthora ramorum, so | am going to stick to calling it that or SOD.

As you may know, SOD was first identified in Marin County, which is my Congressional District, and
its first victims were tanoak trees. Those of you who are not from central or northern California may not
be familiar with tanoaks. They’re not particularly attractive or commercially useful, but they are fast
growing and hardy. If you were to cut down a tanoak, a thick bush of sprouts soon grows from the
stump. You cannot generally use them for lumber because they split when dried, although when
carefully kiln-dried tanoaks have been used for flooring. But they are not the kind of awe-inspiring
tree like California’s signature redwoods or black oaks. That is probably why when University of
California’s, Cooperative Extension, Horticultural Advisor Dr. Pavel Svihra first discovered dead
and dying tanoaks in the rolling hills of Marin in 1995, he had a hard time convincing authorities that
his findings were consequential.

It took years, and probably only when the growing fuel load of dead tanoaks threatened million dollar
homes in the hills of Marin County, that the alarm was finally heard. In fact it was not until the year
2000 that major efforts got underway to combat this disease. That was the year that local governments
concerned with the spread of this disease formed the Sudden Oak Death Coastal Council and that an
interagency and interdisciplinary California Oak Mortality Task Force was formed. It was also the year
that Marin County, led by Supervisor Cynthia Murray, convened a Sudden Oak Death Summit that
brought together local, state and federal officials. The news was out, our trees were dying, and
something needed to be done about it before our woodlands were devastated and this scourge
spread beyond a few coast counties.

Four bills were introduced in the California legislature in 2000, and each year since, the State has
contributed to the effort. The USDA Forest Service was aware of the problem, and people like the
USDA Forest Service’s Susan Frankel, who headed the Task Force, took key roles in coordinating
local, state, and federal activities. But we needed to get a concerted research effort off the ground and
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the funding was just not there. In 2000, | wrote several letters to the USDA Forest Service and the U.S.
Department of Agriculture requesting increased money and resources for research. | remember that |
scrawled the exclamation “HELP” at the bottom of one letter that | wrote to the Secretary of
Agriculture Dan Glickman. Boy, did we need help! In 2000, the total amount of federal funding
directed toward this effort was a measly $85,000. Soon after the SOD Summit, the USDA began
shifting funds from one account to another to help out, but still there were inadequate resources to
mount a serious effort.

Clearly, the situation called for widening support. Ironically, the spread of the disease was of great help,
because SOD became a problem beyond Northern California. Researchers, forestry and agricultural
officials — and elected officials — soon found out that the disease was not limited to a few California
counties. In fact, by 2002 the disease had worked its way up from Monterey Country to Curry County,
Oregon. It was also discovered that SOD not only infected tanoaks, but a wide variety of trees,
including several oak species, big leaf maple, Douglas-fir, and even the venerable California redwood.
In addition, the disease did not only affect woodlands. Last year it was found at one of the State’s
largest commercial nurseries, infecting plants like rhododendrons and camellias.

In 2000, in collaboration with Senators Boxer and Feinstein, | worked to rally the California delegation,
and then the larger Congress with the help of Congresspersons Mike Thompson, Sam Farr and Lois
Capps. We doubled funding in 2001 and since than it’s been going upward. Last year, was the most
successful yet in terms of funding. Over $13 million was appropriated by Congress to fight sudden oak
death, bringing the cumulative total to $22 million. Perhaps just as important, Congress passed a bill by
Congressman Max Burns, which | joined with 19 others in the House in co-sponsoring, directing the
USDA to write a national plan to deal with SOD. The plan will compile research, surveys and data on
sudden oak death; assess the risks of the disease; evaluate current control and management efforts; and
recommend what actions need to be taken. The plan is not to be put on a shelf somewhere because the
law specifies that it is to be implemented as soon as practicable after funds have been appropriated.

It has been ten years since sudden oak death was first found on a hillside in Mill Valley, California, and
we are only at the beginning stages of learning how to deal with it. There have been promising
developments, including success with small-scale treatment, and an indication that controlled burning
could be used as a preventative measure. | am confident that this conference will herald other important
findings.

We have also learned a few things on the policy level. First, how important it is to work from the
bottom up. Only because Marin and other California Counties, and their elected officials, became
engaged players did the issue rise to State and national importance. Imagine if discussion of sudden oak
death was mainly confined to the experts at the USDA Forest Service or the California Department of
Forestry and Fire Protection. Despite their good intentions, it would still be considered one problem
along with a dozen other blights affecting our woodlands. That is not to take anything away from the
experts—but have you ever met the people from my district? Hand in hand with local involvement is
the role of public education. Hundreds of stories about sudden oak death have appeared in newspapers
and magazines, hundreds of hours of news reporting on TV and radio. Because the news got out,
sudden oak death got on the public policy radar screen.
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So what’s ahead? Obviously more research and the development of a national plan is critical. But as
we learn more, some difficult decisions are going to have to be made, both nationally and locally. Here

are some tough ones to chew on:

* How much are we willing to spend to control and manage this disease? In prevention? In
eradication? In dealing with the disease’s aftermath?

*  We also have some tough public policy questions. Should we limit public access to forests to
stop the spread of the disease? How will that affect outdoor recreation and the economy that
depends on it?

e Are quarantines effective and what impact will they have on commercial nurseries?

* Do we need to increase controlled burns and if we do, what will be the effect on air and water
quality?

As a legislator, | know how tough it is to correctly identify a problem, find a solution, and then
convince others that it is in their best interest to support that solution. | am counting on you to provide
the solid scientific rationale to do what must be done.

You are not only fighting SOD, you are also pointing the way for sustaining our forests. Sudden oak
death is one of the first major environmental challenges that we will face in a natural world made
vulnerable to disease and other invasive species by increased international trade and travel. Your
efforts will lead the way to earlier detection of plant pathogens, rapid response protocols, and new
discoveries to cure disease and control their spread. So | eagerly look forward to any new information
that will come out of this conference. | thank you and congratulate you on all the work you do, and look
forward to continuing to be your partner in this effort.



USDA Forest Service, Pacific Southwest
Research Station Sudden Oak Death
Research Program: 2001-2005"

Patrick J. Shea?

Key words: sudden oak death, USDA Forest Service, request for proposals,
Phytophthora ramorum

The Pacific Southwest Research Station (PSW), U.S. Department of Agriculture (USDA) Forest
Service initiated the Sudden Oak Death Research (SOD) Program in late 2000. The program was
prompted by late fiscal year funding dedicated directly to begin research on this newly
discovered disease. The history of discovery of Phytophthora ramorum, the causative agent of
SOD, is now well known and will not be repeated here. During the initial start-up of the SOD
Research Program, funding came from a variety of sources. Over the course of fiscal years (FY)
2001 and 2002, research funding was received from the USDA Commodity Credit Corporation,
USDA Forest Service Research and Development and through a supplemental appropriation
from the United States Congress. Starting in FY 2003 the SOD Research Program was funded
through the regular appropriation process and was included in the PSW budget. In addition,
during FY’s 2002 and 2003 the California Department of Forestry and Fire Protection provided
funds to be used for funding certain research projects administered by the SOD Research

Program.

At the onset of the PSW SOD Research Program research on this disease and the causative agent
was already in progress at several university laboratories, such as David Rizzo’s laboratory at
University of California, Davis, and Matteo Garbelotto’s laboratory at the University of
California, Berkeley. In addition, several plant pathologists associated with the University of
California Cooperative Extension program were actively pursuing research on SOD in various
locations in California. It is because of this ongoing non-USDA Forest Service research and the
fact that PSW was not engaged in an active forest pathology research program that the SOD

Research Program was, and continues to be, a largely extramural research program.

The PSW SOD Research Program functions much like any competitive grant program: (1)
research needs are identified; (2) a Request for Proposals (RFP) is issued; (3) research proposals
are evaluated for relevance to program needs and sent out for peer review; and (4) a selection

committee makes the final decisions on which proposal are funded. During each funding year,

! A version of this paper was presented at the Sudden Oak Death Second Science Symposium: The State of
Our Knowledge, January 18-21, 2005, Monterey, California.

2 University of California, Berkeley, and USDA Forest Service, Pacific Southwest Research Station, Davis,
California. pjshea@davis.com


mailto:pjshea@davis.com

GENERAL TECHNICAL REPORT PSW-GTR-196

and in preparing to issue a RFP, the Program Manger convened a meeting to identify research
needs/data gaps. Participants in those sessions represented a wide range of disciplines that
included plant pathologists, foresters, fire ecologists, state and federal regulators, private, state,
and federal land managers, wildlife biologists, entomologists, modelers, and social scientists. A
RFP that highlighted high priority research needs was prepared based on the results of the
research needs assessment. Upon receipt of research proposals the Program Manager acquired
two peer reviews for each proposal. A selection committee composed of individuals from the
USDA Forest Service-Washington Office, Research and Development; USDA Forest Service —
PSW; USDA Forest Service-Pacific Southwest Region, Forest Health Protection; California
Department of Forestry and Fire Protection; and the University of California, Berkeley evaluated

the reviews and proposals.

Four emphasis areas have been identified for purposes of organizing the PSW SOD Research
Program: (1) Pathogen biology, hosts, and epidemiology; (2) Disease management, detection,
and resource utilization; (3) Disease impacts on ecosystem components; and (4) Economic and
social impacts (i.e. Native American issues). The first area of emphasis includes research in such
areas as growth habits and attributes of the pathogen; mechanisms of survival and infection;
identification of developmental characteristics; and identification of hosts, both native to
California and potential hosts. The second area of emphasis is characterized by development of
treatment strategies; discovery of improved diagnostics; modeling of risks; and feasibility studies
for the disposal and/or utilization of biomass killed by the disease. The third area of emphasis
includes research on the potential effects on wildlife, such as small mammals, birds and insects;
effects on species composition of affected forests, site productivity as a result of various levels of
tree mortality; and potential effects on biodiversity. Finally, the fourth emphasis area focuses on
the potential effects of SOD on local, regional, national and international economies associated
with forestry, horticulture and urban land values. Most importantly this fourth area also includes

social impacts, especially those that could potentially impact Native American culture.

Over the course of the last five years, funding of research proposals within the various emphasis
areas has been uneven. This is to be expected when conducting a research program on an entirely
new organism that only recently (2000) was given a scientific name. Pathogen biology,
identification of susceptible hosts and epidemiology of P. ramorum received about 49 percent of
the available research funds between 2001 and 2005. Research that was centered on disease
management, detection and resource utilization was awarded 18 percent of the available funds
and potential impacts on ecosystem components received about 19 percent during the same time
period. The remaining percentage was devoted to begin determining the economic and social
impacts. However, it needs to be pointed out that there has been a steady shift during FY 2004
and 2005 toward funding of research that emphasized disease management, detection,
diagnostics, and the social and economic impacts. In addition, whereas much of the research
activity has centered on the Pacific Coast (i.e. California and Oregon), events in the last few

years has seen an increase in funding to other areas of the United States and Europe.



Proceedings of sudden oak death second science symposium: the state of our knowledge

Funded research proposals highlight the broad array of institutions that the PSW SOD Research
Program utilized to forward its objectives. Twelve academic institutions are being funded and
represent both public and private universities. Geographically they range from the University of
California, Davis and Berkeley, to the University of West Virginia. Two private research
institutions were also recipients of SOD research funds. Federal government research agencies
included USDA-Agricultural Research Service, five USDA Forest Service Research Stations and
two Department of Energy agencies, Joint Genome Institute and Oak Ridge National Laboratory.
Finally, because of the international importance of this organism, several European research

facilities and one Mexican research institute received SOD program funding.

Our knowledge and understanding of both P. ramorum and the disease known as SOD has
advanced greatly since the inception of the PSW SOD Research Program in late 2000. Research
results, funded by the SOD Program, have assisted in the formulation of important science-based
regulatory programs that aim to impede the spread of this disease. Treatment strategies have been
developed that can prevent infection of individual trees that impact landscape values, especially
in the urban/wildland interface. Important environmental parameters have been identified that
play critical roles in the spread and infection of trees in wildland settings. New diagnostics are
being developed to more rapidly identify infected plant material and aid in the delineation of
infected nursery plants or wildland areas. The PSW SOD Research Program should continue to
serve as the key entity in future P. ramorum and sudden oak death research to ensure a full

understanding of this organism.



Understanding Sudden Oak Death:

A Model of Partnership and Collaboration®

Jimmy L. Reaves?

Key words: tanoak, nurseries, disease spread, sudden oak death

Good morning. | want to thank the planning committee for allowing me to share some of my
thoughts at this Symposium as we try to better understand sudden oak death (SOD) and
Phytophthora ramorum. | bring you regards from Dr. Ann Bartuska, the Deputy Chief for Forest
Service Research and Development. Ann is a big supporter of the work that has already been done

and encourages you to continue your valiant efforts on SOD.

I would also like to thank the Pacific Southwest Research Station and State and Private Forestry for
leading and coordinating the research, survey, and management efforts on SOD in the Forest
Service—they have done an excellent job; the Honorable Lynn Woolsey, Barbara Boxer, Samuel
Farr, and others for their support and their efforts in securing Congressional funding for SOD
research and technology transfer; USDA Animal and Plant Health Inspection Service (APHIS), the
Agricultural Research Service (ARS), and Cooperative, State, Research, Education and Extension
Service (CSREES), as well as California, Oregon and several other states for their commitment and
collaboration; and all the scientists and technology transfer specialists who are a part of our quest to
enhance our knowledge and understanding of SOD and its current and potential impacts on our
forest ecosystems, nurseries, and the Nation’s social fabric and economy. | urge you to continue the

excellent work you are doing on SOD.

In a way, | feel like I am preaching to the choir. You know what the problem is and you have a
pretty good idea what needs to be done. | hope you will indulge me for just a few minutes as | share
a few words about some of the accomplishments and some of the challenges we face as we continue
to address SOD.

Just picture the exhilaration on the faces of your and my forefathers as they walked through the
forests of the Eastern United States a hundred years ago. They likely marveled at the magnificent
American chestnut trees that were abundant in those forests. Chestnut trees were used for railroad
ties, telegraph and telephone poles, lumber, and firewood, and they provided products that were
used to support 19 industries. In addition, American chestnuts provided food for deer and other
animals. For our forefathers and some of us, chestnuts contributed to memorable Christmas joys, as
some people likely roasted chestnuts over an open fire and didn’t just sing this verse in a carol.

1 A version of this paper was presented at the Sudden Oak Death Second Science Symposium: The State of
Our Knowledge, January 18-21, 2005, Monterey, California.
2 Director, Vegetation Management and Protection Research, USDA Forest Service, jreaves@fs.fed.us.
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Along with having economic value and contributing to ecosystem integrity, | am convinced that the
connection made to these magnificent wonders of nature left an indelible mark on the lives of our

forefathers.

Our forefathers and others living at the turn of the 20™ century believed that American chestnuts and
other trees would always be plentiful—the phrase “the land of plenty” was real to them. They could
not know that within the next century there would not be any real chestnut trees left to support
industries or to stir our spiritual awareness. Root rot caused by the pathogen Phytophthora
cinnamomi, and, to a larger extent, chestnut blight caused by the pathogen Cryphonectria parasitica,
did what loggers, windstorms, hurricanes, tornados, floods, and fire could not do—wipe out the

beloved American chestnut trees in this country.

We are now faced with what our ancestors were faced with at the turn of the 20™ century.
Phytophthora ramorum, the pathogen that causes SOD, has appeared on the scene and has the
potential to wipe out not just one species of oak, but several species, and not just in the western part
of the country but in other parts of the country and elsewhere in the world. In addition, SOD has
caused major losses already to a number of California nurseries, and has the potential to adversely
impact our Nation’s entire nursery industry, resulting in millions of dollars in losses each year. Just
imagine the impact that would have on wood and paper industries in this country, wildlife habitat
and forest ecosystems, hunting, recreation, and the spiritual values of oak trees that are near and

dear to us.

At the turn of the 20" century, scientists were able to isolate and identify fairly early the fungus that
was responsible for chestnut blight, but they did not have the scientific knowledge or the technology
to develop and institute effective control measures to combat the spread of that disease. Today we
are fortunate because we do have the scientific capability to develop and institute management and
control measures to combat the spread and destruction caused by P. ramorum. We know something
about the biology of this organism and have some idea how it spreads. As | speak, we are

developing better ways to manage it.

We have to be vigilant in our efforts to keep SOD and P. ramorum from spreading beyond current
boundaries. Our collective knowledge, coupled with collaborative efforts across Federal, State and
international governmental agencies, is strengthened by university partnerships, the efforts of
private industry, and community involvement. Our collective efforts position us well to conduct
innovative research and institute management practices and appropriate policy measures to combat
the spread of SOD. Since we don’t fully understand the biology of this organism or the dynamics of
the various diseases that it causes, we still have much to learn.
Let’s take a look at what we currently know about the organism.

% P. ramorum was discovered in 2000.

++ This virulent pathogen of unknown origin has spread to forests in 14 coastal California

counties, as well Oregon’s Curry County.
¢+ It has also been found in numerous European nurseries and gardens, and most recently in

nurseries in Washington, Oregon, and British Columbia, Canada.

12
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%+ This past year, shipments from the West Coast sent plants from infested nurseries to several
more States, triggering extensive survey and management efforts, as well as new
regulations.

%+ The pathogen has a broad host range, including:

o hardwood trees, such as coast live oak
o0 landscape plants, such as rhododendron
o0 herbaceous plants, such as western starflower

o softwood trees, such as coast redwood and Douglas-fir

e

*

P. ramorum has already killed tens of thousands of coast live oak, tanoak, and California
black oak trees. The pathogen causes branch and twig dieback in conifers and several
shrubs, as well as leaf blight in mountain laurel, camelia, and other species.

< In California, P. ramorum negatively affects ecosystem functions, increases fire and safety

hazards, and reduces property values in developed areas.

I realize that this is not an exhaustive list. Research results to be presented at this Symposium will
fill in a few more pieces of the SOD puzzle. As you can see, we have a formidable foe on our hands.
It is going to take substantial funding, well-coordinated research and technology transfer, and sound

policy decisions to effectively combat the spread of this pathogen and markedly reduce its impacts.

I have painted a rather dismal picture of the potential results that could occur from the spread of
SOD. | do not want the picture | have painted to become a self-filling prophecy. However, if we
don’t generate the science to understand the disease and deliver this science in a usable form to our
public and private land managers, what happened to our beloved American chestnuts could easily be
repeated. Remember, it took more than 80 years to start to bring back the American chestnut. If we
are not vigilant in our efforts against SOD, we may be faced with a similar scenario that was caused

by chestnut blight and other invasive species.

Now having laid out a bleak picture on the potential adverse impacts that could result from SOD,
what are some of the positives that we have in our favor? Unlike our forefathers, we do know the
pathogen responsible for SOD, at what | believe is an early stage. We have some idea as to how it
spreads; we know a number of its hosts; and we know how to kill it on some substrates. We have
some funding thanks to the Honorable Barbara Boxer, Lynn Woolsey, and others, and | would like
to thank them again for their strong support. And we have Federal, State, and local political support
to study the disease, with the end goal of being able to eventually control it. We have a capable
cadre of scientists to provide the necessary knowledge about the disease. We have technology

transfer agents in place, and the expertise to effectively deliver information to needy users.

Our efforts to understand SOD are being refined through a SOD program review led by Forest
Service Research and Development. | believe that the Pacific Southwest Research Station has done
an excellent job of spearheading our SOD research program to date. Determining if there are ways
we might improve on this effort will be the focus of a review team. The team first met face-to-face
yesterday at the Symposium. The results of this review will be shared with everyone when
completed by Forest Service Research and Development, through collaboration with Forest Service

13
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State and Private Forestry, ARS, CSREES, and APHIS. Also, a SOD national strategic plan that was
called for by Congress has been completed through collaboration among the Forest Service, ARS,
CSREES, and APHIS.

Even though we have marshaled our resources in an effective and timely manner, we still face
considerable challenges as we address current and emerging SOD issues. Allow me to outline what |

believe are some of these challenges and possible solutions.

1) Maintaining collaboration across organizational lines to address the science and
management issues surrounding SOD
Proposed solution (s): We need to: (a) organize strategic alliances across organizational
boundaries; (b) cooperate as a multi-faceted team as we develop and implement research
programs to study SOD; (c) focus our efforts on the highest priority needs; and (d) keep all
communication doors open.

2) Maintaining a long-term research effort on SOD
Proposed solution(s): We need to continue to maximize the efforts of scientists in all
countries and agencies involved. Include research problems in appropriate planning
documents such as research work unit descriptions or problem analyses. Such efforts will
then allow us to: (a) develop a better understanding of the pathogen and its dynamics; (b)
get a better handle on the host range of the pathogen; (c) explore the dynamics of the
disease and the importance of climatic conditions to disease development; (d) better
understand potential cascading ecological effects, as well as social and economic impacts;
and (e) hopefully confirm the origins of the pathogen. By knowing the pathogen’s origin,
we will have a better chance of identifying its natural biological enemies that could
possibly be used in management practices. | believe there are some efforts underway to do
just that.

3) Securing consistent and long-term funding for SOD Proposed solution(s): Continue to
seek funding from Congress through the budget process and find ways to leverage the
dollars we are able to secure. Seek funding through granting agencies outside of the Federal
budget process. We need to maximize our resources to improve outcomes and address
priorities.

4) Delivering usable science to public and private landowners
Proposed solution(s): The public can play an integral part in our success in combating the
spread of SOD. In order for that to occur, however, we must provide the public with the
necessary information in ways and in a format that they can understand, not in “science-
speak.” There are some excellent examples out there where this has occurred. In one
instance, the Fish and Wildlife Service is using trained volunteers to help with early
detection, targeting invasive species at six refuges where they conduct approximately 20
percent of all work on the refuges. We could benefit from similar programs.

5) Developing sound policies that take into consideration the economic aspects of SOD

14
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Proposed solution(s): We must work across organizational boundaries and provide the
necessary scientific knowledge and leadership to help agencies like APHIS develop sound

regulatory policies for SOD.

Please understand that what | have outlined is in no way meant to be construed as an exhaustive list,
but rather as an inward look at some the challenges and possible solutions. As this is a scientific
forum, | am sure that at least some of you may not agree with what | have presented. That’s
fine—it’s healthy for the necessary debate. | believe that healthy debates lead to sound solutions. |

do know that we must continue to be vigilant in our efforts against SOD.

In closing, | would like to take a phrase from one of my favorite philosophers, the sometimes
gregarious Yogi Berra, the Hall of Fame catcher for the New York Yankees. Yogi once said,
“You’ve got to be careful if you don’t know where you are going, ‘cause you might not get there.” |
feel strongly that we know where we are going. With your leadership, I am confident that we will
get there.

15



History and Background of the California
Oak Mortality Task Force (COMTF)"

Mark R. Stanley?

Abstract
The California Oak Mortality Task Force was formed in August 2000 as a consensus group to
address the impacts caused by Phytophthora ramorum. It is over 1000 strong with over 80
agencies, universities, public, and private groups currently involved. The Task Force has

been a tremendous success and may serve as model for other similar efforts.

Key words: California Oak Mortality Task Force, sudden oak death, Phytophthora
ramorum

History and Background of the California Oak Mortality Task Force
(COMTF)

I was asked to give everyone a little background on the California Oak Mortality Task Force:

what it is, a little of the history of its formation, and how it functions.

The Task Force was formed in August of 2000 in response to a request from the California
Board of Forestry and Fire Protection. The Task Force was originally formed as a part of the
California Forest Pest Council which is a committee of the Board of Forestry and Fire
Protection. At the time of its formation, Phytophthora ramorum had not been named and in
fact was only known to be in eight counties in California and only known to affect six hosts.

It was, at that time, only a wildland issue not having been found on nursery stock.

What seems to make this group a little different than most other government groups is that it
is open to anyone who wants to work towards a common goal of addressing sudden oak death
for California and preventing pathogen spread to new areas. We knew this had to be done
quickly and that meant we had to work together towards a common goal. Although this
sounds logical and straight forward to most folks it is not a simple thing to do at first. There
are challenges: old history between agencies that are in competition with each other for

funding and turf; personal baggage that we all bring to the table; or perhaps no history at all

! A version of this paper was presented at the Sudden Oak Death Second Science Symposium:
The State of Our Knowledge, January 18-21, 2005, Monterey, California.

2 Task Force Chair and Chief Deputy Director California Department of Forestry and Fire
Protection, mark.stanley@fire.ca.gov
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and therefore no established level of trust. You also have to have a leader that is as much a
facilitator as a leader. Someone who can organize, lead, and motivate, without people feeling
that they are losing their or their agencies or organization’s power and identity. We were

fortunate to have Susan Frankel be that leader.

We were also fortunate to have people that saw that working together was more important
than building their egos or their organization. We would have a common voice for funding
that would benefit the State not necessarily any one agency or group. We wanted to, and did,
utilize the strengths of each organization and individual to achieve our common goals. We
worked entirely on consensus. We worked on our goals and a plan of action until we reached

agreement by all members of the Task Force.

We had some basic agreements and those were that information and training would be science
based. We agreed that we had common goals of education, outreach, coordination and
sharing information and resources. We would have a common voice for information that we
communicated to the public and other professionals both inside and outside of the Task Force.
To this end we had a public information officer for the task force that either spoke for, or
worked with the various information officers for different agencies. This can be a very
sensitive area but it can and did bring tremendous credibility to the group and to the
individual agencies. We also agreed to support each other’s efforts as it related to P

ramorum.

Having a small staff is critical for coordination and communications inside and outside of the
group. Everyone on the Task Force already had a full time job and the Task Force needed a
few individuals that could help not only coordinate the group, but provide quick response to

the needs of the public, partners, and communities that were impacted by the disease.

As a task force we wanted to lead the effort, not follow the parade. This required everyone to
communicate with everyone else and so we developed a website to help with that
communication. We continue to provide education and training on the pathogen, its biology
and possible management, and provide publications in several languages and for scores of
special user groups from arborists, to foresters, nurseries to tribal groups, recreation users to
mushroom collectors. We have done scores of training sessions at very low or no cost to the
participants to help get the information into the hands of the businesses, organizations, and
individuals impacted by this pathogen. We have not only provided training and delivered
presentations throughout the State and the nation, but we have also conducted training on how
to form and operate a group like the Task Force that has proven to be successful and

beneficial.

One of the reasons for our success with our various activities and success at obtaining funding

to help these efforts is the press and other media folks. Contrary to popular beliefs the press
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can be your friend. This takes care and nurturing to develop a good and honest working

relationship as well as a trust level that you will actually work with the media.

Last and certainly not least | have to thank and commend the members of the Task Force.
Everyone was fully employed and busy before this started. It is only through all the extra
work, effort and commitment to work together to try and address this problem have we had
success. There have been many long nights, endless conference calls and meetings, and
people stepping up to do extra work. The Task Force has been fortunate to hire a few staff
people to do all the coordination, website development and maintenance, and to work with the
press. Without the professional work and personal commitment of these people we would not
be here today. It is because of the people involved in the Task Force that we have had success

in working toward our common goals.

And as always for the latest information on Phytophthora ramorum or sudden oak death go

to www.suddenoakdeath.org.
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Research on the Epidemiology, Ecology and
Management of Phytophthora ramorum in
California Forests'

David M. Rizzo?

Key words: disease management, landscape ecology, invasive species

Introduction

The ultimate goal of Phytophthora ramorum research is to develop disease management
strategies. To date, studies have been focused at three management levels: the individual
tree, the landscape (or forest stand), and the regional to international scale (Garbelotto
and others 2003, Rizzo and Garbelotto 2003, Rizzo and others 2005). | will focus my
brief remarks on the forest landscape, possibly the most difficult level to implement
disease control strategies (for a more comprehensive discussion see Rizzo and others
2005).

From a research perspective, there are four non-exclusive areas that we must continue to
focus on in order to facilitate P. ramorum management in forest stands:

Put the impacts of sudden oak death in context with
expected successional patterns and ecosystem processes
within coastal forests

For any P. ramorum management proposal to be successful in coastal California forests
it must also be put into context with other management goals (e.g. timber extraction,
wildlife) and threats (e.g., high fuel loads due to fire suppression, other invasive species)
(Rizzo and others 2005). This requires continued study on the ecology of the invaded
forests in addition to examining the biology of P. ramorum. This pathogen has invaded
three broad forest types in California: mixed-evergreen forests dominated by coast live
oak (Quercus agrifolia), mixed-evergreen forests dominated by tanoak (Lithocarpus
densiflorus) and Douglas-fir (Pseudotsuga menziesii), and coast redwood (Sequoia
sempervirens) forests. With the possible exception of the coast redwood forest type, the
ecology of many coastal mixed-evergreen forests has not been well characterized
(Barbour and Minnich 2000). Knowledge of the dynamics of coastal forests will allow for

1 A version of this paper was presented at the Sudden Oak Death Second Science Symposium: The State of
Our Knowledge, January 18-21, 2005, Monterey, California
2 Department of Plant Pathology, Univerisity of California, Davis, 95616, dmrizzo@ucdvais.edu.
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setting management objectives beyond simply disease management (e.g., Moritz and
Odion 2004).

Have a good understanding of host and pathogen biology

For managing any plant disease, the importance of understanding the various
components of the disease triangle is obvious, but is well worth reiterating. The
establishment and spread of P. ramorum across a forest landscape will be dependent on
pathogen biology, host susceptibility and environmental conditions. When the
connection of P. ramorum to sudden oak death was first made in 2000, there was
essentially nothing known about the biology of this organism. The finding that P.
ramorum has a very broad host range allowed us to begin to piece together the life
history of the pathogen in the forests. A key discovery was that sporulation of P.
ramorum primarily occurs on bay laurel (Umbellularia californica) in California and it
is this host that appears to be the main driver of the epidemic (Davidson and others
2005). After five years there is still much we do not know; numerous research projects
presented at this symposium are examining many other aspects of pathogen biology
such as survival in soil, infection biology, host range, and mating studies.

Coast live oak and tanoak, the two hosts impacted the most by P. ramorum, are not
commercial timber trees. Therefore, relatively little is known about the biology of the
hosts, in particular the population genetics and how this may fit into disease resistance
(Dodd and others 2005). In addition, research has shown variation in susceptibility of
bay laurel (Huberli and others, 2005). At what scale resistance occurs (see below) and
how to utilize such information in disease management and forest restoration are key
questions that still need answers.

Consider multiple spatial scales

Research on the biology of hosts and pathogens must be taken to larger scales in order
to be effectively translated in landscape management protocols. There must also be
constant feedback between research at different scales. For example, Swiecki and
Bernhardt (2002) were the first to document an association between sudden oak death
and the presence of bay laurel at the landscape level; this was several months before bay
laurel was determined to be a host based on isolation and inoculation studies. Movement
between scales offers the potential to understand mechanisms and explain large scale
patterns (e.g., Cushman and others 2005).

Numerous research plots have been established in California coastal forests since 2000
to understand disease progression and ecological impacts at various spatial scales
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ranging from individual trees (e.g., McPherson and others, 2005) to the landscape (e.g.,
Swiecki and Bernhardt 2002, 2005; Maloney and others 2005). GIS has also been
utilized from the earliest days of sudden oak death research (e.g., Kelly and
Meentemeyer 2002). Using such information, risk models have been developed for
California to target areas that are currently without the pathogen, but may be at high risk
for invasion (Guo and others 2005, Meentemeyer and others 2004). These models
demonstrate the integration of data on host range, transmission biology and plant
community structure to develop models of P. ramorum establishment and the risk of
spread in plant communities. Models must eventually incorporate the effects of spatial
and temporal variability of multiple environmental variables on pathogen persistence.

Utilize long term observations and datasets

Many forest disease epidemics have been expressed over long periods of time (e.g.,
chestnut blight, white pine blister rust) (Smith 1996.). Focusing on short periods of time
can give a false sense of the biology of an organism and its impacts in forest
ecosystems. For example, we have been examining sporulation patterns of P. ramorum
in coastal California forests for nearly five years (Davidson and others 2002, 2005; P.
Maloney, unpublished data). Yearly variation in rainfall patterns and temperature
influences sporulation patterns of P. ramorum (Davidson and others 2005). Late rains in
spring 2003 resulted in a twenty fold increase in sporangial production, as collected in
rainwater, over the previous two springs in a mixed- evergreen forest (Davidson and
others 2005). Similar findings occurred in spring of 2005 (Davidson, unpublished data).
Such data point to the potential importance of longer term climatic events, such as El
Nifo, in influencing the establishment and spread of P. ramorum.

There are many threats to California coastal forests (Barbour and others 1993); the
damage caused by P. ramorum is just one of them. Through the development of
collaborations between researchers (including plant pathologists, ecologists,
entomologists, wildlife biologists, etc.) and managers, we can begin to integrate disease
management into a broader landscape view. Much has been accomplished in P.
ramorum research over the past five years, but there is still a ways to go.
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Introduction

We are studying how P. ramorum survives and spreads in Oregon tanoak forests. The
Oregon outbreak is similar to the epidemic in redwood-tanoak forests of California, with
several important differences, however. The disease is confined to scattered stands
within a 12 m? area, and it is subject to an ongoing eradication effort. While eradication
has not yet eliminated the disease, inoculum levels are low. As a consequence,
myrtlewood is seldom infected and is not important in the epidemic.

Results

Based on 1996, 1998, 2000, and 2001 color aerial photographs of the current outbreak
area, the disease is of recent origin in Oregon. The first dead tanoak is visible on a 1998
photograph at one site. At the four other sites examined, the first dead trees are visible
on the 2000 images. Dead trees increased rapidly through 2001, when P. ramorum was
first identified and eradication began. The number of dead trees at the 1998 site
increased from one to seven to 110 on the three sets of photographs.

We have been monitoring five eradication sites from 2001. Rainwater and streams were
sampled for P. ramorum, and persistence of the pathogen in soil and on plants growing
around the stumps of infected tanoak trees was periodically measured. Susceptible
Douglas-fir and redwood seedlings were planted around stumps. In addition, other
sprouting host plants were examined for infection. P. ramorum was recovered only
once from a rain trap, and is no longer sampled. The pathogen is still recovered from

! A version of this paper was presented at the Sudden Oak Death Second Science Symposium:
The State of Our Knowledge, January 18-21, 2005, Monterey, California.

2 Department of Botany and Plant Pathology, Oregon State University, Corvallis OR USA
97331, hansene@SCIENCE.oregonstate.edu

% USDA Forest Service, SW Oregon Forest Insect and Disease Center, Central Point OR 97502

4 Oregon Department of Agriculture, Salem OR, 97310
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streams 36 months after site treatment, although no new plant infections have been
associated with infested streams. Eighty-eight percent of the 43 stumps sampled tested
positive for the occurrence of P. ramorum in the associated sprouts. Infection appeared
to result both from cankers already present on the stumps, and from inoculum splashed
from below. Sprouts were destroyed with herbicides, and although tanoak, wild
rhododendron, and evergreen huckleberry have resprouted on many plots, there were no
new sprout infections detected in 2004. Douglas-fir and redwood seedlings were not
infected. P. ramorum was recovered from soil around 18 percent of the stumps in 2004.
Survival of P. ramorum on eradication sites was tested with inoculated tanoak and
rhododendron leaves. Recovery from leaves on the soil surface dropped to near zero in 3
months, but stayed near 80 percent from buried leaves (McLaughlin, Poster in this
Proceedings).

Tanoak trees with bole cankers but with green foliage, and adjacent green trees without
bole cankers were felled. P. ramorum was isolated from leaf and twig lesions from the
upper crowns of 11 of 15 tanoak trees with bole cankers, and from three of the 12
nearby canker-free trees. Infection of rhododendron and huckleberry in the understory
was found only in the immediate vicinity of cankered trees. The results suggest
downward spread of P. ramorum in a tree, from stem flow and rain splash.

New infections are mapped annually and confirmed by isolation and PCR. The distance
of 137 newly detected trees (2002, 2003, and 2004) from the nearest tree detected in a
previous year was calculated and plotted. The result resembles a classic aerial dispersal
gradient of an infectious disease. Most new infections occur close to previously infected
trees, but there is a long tail to the distribution, suggesting occasional dispersal in storm
winds. About 50 percent of new infections occur within 100m of older infections. There
is no “background” of infection, and there is no evidence to suggest disease spread
along roads or in streams. Infected tanoaks are clustered on the landscape and are not
uniformly distributed. This reflects the local intensification of infections, with
occasional “spotting” via long distance dispersal. These jumps are initially detected
from the air as single red-crowned trees. Follow up ground checking may reveal bole
cankers on a few neighboring green trees. Eradication is imposed at this stage, but
newly dead trees are often detected on the perimeter of the treatment area in the next
year’s survey.

Discussion

These results are fully consistent with a recently introduced exotic pathogen, spreading
by passive aerial dispersal across the landscape, with local intensification by drip and
splash. Sporangia are the likely dispersal propagules. New microsatellite markers
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developed by Prospero (Poster, this Proceedings) may provide an independent test of
these epidemiological hypotheses for P. ramorum.
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Sudden Oak Death: Recent Developments on
Trees in Europe!
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Abstract

In November 2000 a new Phytophthora originally found on rhododendron stock in Germany and the
Netherlands in 1993 and the new Phytophthora believed to be the cause of sudden oak death in
California were shown to be the same organism. This development led to a summary Pest Risk Analysis
(PRA) for Europe being prepared by Forest Research (FR), United Kingdom. Subsequently, in 2002,
the new fungus was formally named P. ramorum. The fact that P. ramorum was known to be present in
Germany and the Netherlands led to surveys for the pathogen in nursery material, initially in the United
Kingdom and the Netherlands in 2002 and later in many European countries. By 2003 it was clear that
P. ramorum was still spreading on ornamental nursery stock in Europe, in particular on rhododendrons
and viburnums. It is now known to be present on nursery stock in at least 12 European countries.

Currently there are two countries in Europe where, outside nurseries, the spread of P. ramorum from
infected rhododendrons onto trees is known to have occurred. These are the U.K. and the Netherlands.
In the Netherlands, extensive areas of ‘public green’ or public recreational parks occur, many of which
are wooded and have large old understorey rhododendrons. In a survey in 2003, about 30 of these sites
where found to have P. ramorum — infected rhododendrons. At one of these sites, a single infected
Quercus rubra (northern red oak) with bleeding stem lesions was found. In 2004, another site was
found to have nine Q. rubra with bleeding stem lesions. Containment measures for P. ramorum are in
progress (see M. Steeghs, this volume).

In the U.K. between 2002-4, rhododendrons and other ornamental shrubs at approximately 900 parks
and wooded gardens were surveyed for P. ramorum by the Plant Health and Seeds Inspectorate (PHSI)
and the Central Science Laboratory. Sixty such sites were found to have outbreaks of P. ramorum,
mainly on rhododendrons. About 25 percent of these outbreaks have since been eradicated (see D.
Slawson, this volume). Investigations by Forest Research, U.K. showed that P. ramorum was also
spreading onto tree stems at two main locations. In October 2003, a single Q. falcata (southern red oak)
with girdling bleeding stem lesions from ground level to 2m was found at a site in Sussex. This

! A version of this paper was presented at the Sudden Oak Death Second Science Symposium: The
State of Our Knowledge, January 18-21, 2005, Monterey, California.

2 Forest Research Agency, Alice Holt Lodge, Farnham, Surrey GU10 4LH, UK,
clive.brasier@forestry.gsi.gov.uk
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observation was consistent with evidence from laboratory tests by FR that bark of Q. rubra and, by
analogy, Q. falcata is potentially very susceptible to P. ramorum (Brasier and others 2004a).

From November 2003 onwards more infected trees, notably European beech, Fagus sylvatica, were
found in woodlands and wooded gardens in Cornwall, south-west England. Some of these sites have
extensive, and locally sometimes heavily diseased, understorey Rhododendron ponticum. Cornwall falls
within a ‘higher-risk’ category when a climate match is made to the southern Oregon P. ramorum
outbreak area (R. Baker, personal communication).

At these Cornish sites new tree hosts for P. ramorum continue to be found. So far bleeding stem lesions
caused by P. ramorum have been found mainly on European beech. However, stems of mature Q.
cerris (Turkey oak), Q. petraea (sessile oak), Nothofagus obliqua (Southern beech), Aesculus
hippocastanum (Horse chestnut) and Acer pseudoplatanus (European sycamore) are also affected.
Diseased R. ponticum is thought to fuel most of these stem infections. In addition to R. ponticum, P.
ramorum has been found to cause foliage and shoot infections of Q. ilex (Mediterranean holm oak),
Castanea sativa (sweet chestnut), Fraxinus excelsior (ash), Pieris spp. and other ornamental
rhododendron varieties.

During surveys for P. ramorum in Cornwall another previously unknown Phytophthora was isolated
concurrently from a large (> 1 m?) aerial bleeding lesion on a mature F. sylvatica and from R. ponticum
in the same area. Like P. ramorum this new Phytophthora had caducous (deciduous) sporangia and was
also probably aerially or splash dispersed. It was subsequently found to occur at several adjacent sites,
and was apparently causing a locally more aggressive defoliation and dieback of R. ponticum than P.
ramorum, leading to mortality, and locally serious damage to stems of beech. This new Phytophthora
was informally designated P. taxon C and is now formally named P. kernoviae sp. nov. (after Kernow,
the noun for Cornwall in the Cornish language, Brasier and others 2005).

Like P. ramorum, P. kernoviae is considered to be a new and invasive pathogen on trees in the U.K.,
most probably introduced by the plant trade, perhaps in the past 10-15 years. Possible origins for both
species include the Himalayas, Yunnan and Taiwan (Brasier and others, 2004b). To date, P. kernoviae
has been found mainly in woodlands in one area of Cornwall. Judging by its distribution, it may have
arrived there before P. ramorum. In surveys by FR, it has been found causing bleeding stem lesions
mainly on F. sylvatica (about 50 affected trees), but has also been isolated from bleeding stem lesions
on Q. robur (English oak) and Liriodendron tulipifera. Diseased R. ponticum is again believed to fuel
most of these stem infections. P. kernoviae is also causing foliar and shoot necrosis of Gevuina,
Magnolia, Michelia and Pieris (in addition to R. ponticum and other rhododendron varieties).
Interestingly, Q. robur, Liriodendron and Michelia are not presently known as natural hosts of P.
ramorum in the U.K. Since Liriodendron, Michelia and Magnolia all belong to the Magnoliaceae, P.
kernoviae might be a magnolia ‘specialist” in its natural habitat.

Unlike P. ramorum, P. kernoviae is not widely present in the U.K. nursery trade, although it has been
found at outlier locations in a garden/nursery in Swansea, south Wales, and in Cheshire, England (D.
Slawson, this volume). These locations may reflect the further spread of P. kernoviae from the Cornish
sites via the plant trade. A disease management zone has recently been set up in Cornwall by the U.K.
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Forestry Commission and PHSI. Attempted eradication of infected rhododendrons is a major objective
(D. Slawson, this volume).

P. kernoviae has a slightly different potential host range (see C. M. Brasier and colleagues, this volume)
and a lower optimum temperature for growth than P. ramorum. Also, unlike P. ramorum, it is self-
fertile i.e. probably inbreeding. Its reproductive strategy and its ecological strategy therefore may also
be somewnhat different. The threat that P. kernoviae poses to forests and natural ecosystems in other
parts of the world is unknown (Brasier and others 2004b, 2005). In addition to P. ramorum and P.
kernoviae, another recent ‘aerial Phytophthora’ invasive in the U.K., P. ilicis, plus the established
species P. cambivora, P. citricola and P. gonapodyides, are also present on trees at the Cornish sites.
Sometimes they occur together on the same tree (see A. Brown and colleagues, this volume).
Consequently, another possible forest health risk is that, in the longer term, P. kernoviae or P. ramorum
might adapt further to their new environment, either intrinsically or via horizontal transfer of genes with
other Phytophthora species.
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Abstract

In 2000, a previously unidentified Phytophthora isolated from rhododendrons in European nurseries
and gardens was determined to be the same species — but a different population and mating type — as
the pathogen causing sudden oak death in California. Upon recognizing the threats that P. ramorum
posed to both wildlands and the nursery trade, countries around the world created quarantine
programs to limit the introduction and spread of the pathogen. There are currently seven countries,
plus the European Union, with quarantine regulations regarding P. ramorum. The E.U. quarantine
required member states to survey for P. ramorum, and through November 2004, 13 European
countries have detected P. ramorum in nurseries. Despite quarantine efforts 381 positive sites have
been identified in the United Kingdom alone.

There were also quarantines put in place in the United States, at both the state and federal level. State
quarantines cover shipments within a state and are designed to prevent pest introductions to the state.
The first P. ramorum quarantine in the U.S. was issued by the Oregon Department of Agriculture
(ODA) in January 2001, and was applicable to the entire state of California. In August 2001, ODA
extended the quarantine after aerial surveys detected P. ramorum in 40 acres of Curry County, Oregon.
Since then, there has been an aggressive eradication effort in this area. In May 2001, the California
Department of Food and Agriculture (CDFA) issued emergency regulations that required permits in
order to move host plants or materials within or from seven infested counties.

The U.S. Department of Agriculture’s (USDA) federal quarantine covers shipments between states, and
went into effect in February 2002. Similar to the California regulations, it included a quarantine area —
currently the 14 California counties with wildland infestations and the approximately 11 square miles of
Curry County, Oregon. Since P. ramorum has a large host list, the federal order covers a wide range of
plants and materials. Once a plant with a natural infection is detected and Koch’s postulates are
completed, the species or variety is added to the federal quarantine. Plants with natural detections but
incomplete Koch’s postulates are added to an “associated plants” list. These lists are updated frequently
as new hosts are found. All unprocessed commodities made from host plants are subject to quarantine
including nursery and forest stock, logs and firewood, bark, soil, wreaths, greenery, compost, and other
specialty goods. Internationally, USDA Animal and Plant Health Inspection Service (APHIS) has also

! A version of this paper was presented at the Sudden Oak Death Second Science Symposium: The State of Our
Knowledge, January 18-21, 2005, Monterey, California.

2 Sudden Oak Death Outreach Coordinator, UC Cooperative Extension & California Oak Mortality Task Force,
jalexander@ucdavis.edu
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informed the European Commission of restrictions on their member country exports of P. ramorum
host plants and propagative material.

Through 2002, it was widely believed that P. ramorum was an issue in European nurseries but not in
their wildlands, while the opposite was believed true in North America (i.e., a forestry, not a nursery,
issue). There had been only one P. ramorum detection from a single nursery in the U.S. in 2001, which
occurred on rhododendrons in a California nursery surrounded by a heavy forest infestation in the
quarantine area. In 2002, the CDFA surveyed an additional 99 nurseries in 17 counties and more than
8500 surrounding acres and did not detect the pathogen. Even through 2003 the pathogen had been
detected in only seven California nurseries within the infested (quarantine) area. Outside the infested
(quarantine) area, there were 10 P. ramorum nursery detections: in Stanislaus County, California, and
in Oregon, Washington and British Columbia. Several of the Pacific Northwest detections were found
to be the European (A1) strain, and were not associated with North American infestations. As part of
the federal quarantine program, a U.S. National Nursery Survey was also implemented in 2002 — all
results were negative in the U.S. for the National Survey. Twenty-five states contributed survey data in
2003 - one nursery in Oregon was found positive as part of the National Survey.

Just as P. ramorum was being detected in some North American nurseries, European forest trees were
being found infected by the pathogen. In December 2003, the U.K. and the Netherlands reported that P.
ramorum was infecting the trunks of beech, southern red oak, northern red oak, and horse chestnut. In
all cases, the infected trees are located near P. ramorum-infected rhododendrons. In the midst of all of
this, another newly discovered Phytophthora, P. kernovii, (initially called Phytophthora taxon C) has
also been found causing tree deaths in the U.K.

Back in the U.S., the national survey of nurseries continued. In February 2004, as a result of the
national survey and a simultaneous trace-back survey from Washington State, P. ramorum was detected
on plants at a large nursery in Southern California. The nursery is over 400 miles from the nearest
known infested forest, the climate in the vicinity of the nursery is usually hot and dry, and disease
symptoms became apparent only after a period of heavy rain. After positive finds in this and other west
coast nurseries, additional trace-forward surveys tracked plants to other states. At a cost of more than
$15 million, over 1.6 million plants were investigated by states and USDA APHIS to check for
infections and destroy them. In one nursery in Southern California alone, over 1 million camellias,
worth $9 million, were destroyed because of a P. ramorum infestation.

In response to the finds in west coast nurseries, USDA APHIS issued an emergency order in March
2004. After the announcement, 17 states enacted emergency measures to limit plant imports from
California. Reacting to these state restrictions, the National Plant Board and National Association of
State Departments of Agriculture both got involved to discuss regulations on the federal and state
levels. Soon after, in April 2004, USDA APHIS re-issued an order restricting all California commercial
nurseries from shipping any host or associated plants out of state, and changed the diagnostic rules for
P. ramorum to PCR-only. Not long after, the California Association of Nurserymen and Garden Centers
filed a federal suit against the state of Kentucky, a state limiting imports from California beyond that
allowed in the federal regulations. The state of Kentucky has since come into compliance with the
federal regulations.

38



Proceedings of the sudden oak death second science symposium: the state of our knowledge

The final tally for 2004, including trace-forwards, trace-backs, and the national survey, was P. ramorum
detections at 176 sites in 21 States. In cooperation with the USDA Forest Service, a national wildland
survey was also carried out, with one positive site detected in Golden Gate Park, San Francisco,
California. In response to these numerous finds in 2004, the USDA issued a new emergency order for
nurseries in December that further restricted shipping of host material across state lines.
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Phytophthora ramorum — Economic Impacts and
Challenges for the Nursery Industry’

Karen Suslow?

Abstract

In March 2004, a large wholesale nursery in southern California, which ships to interstate receivers,
was found to have P. ramorum infected nursery stock. As a result, several of the southeastern states
placed a ban on all nursery stock shipping from California. Federal regulatory agencies were not able to
provide background information and current research data to the states in a timely manner. As a
consequence, many states instituted specific bans on host and associated host plants (HAP) of P.

ramorum or on HAP to the genus level.

Complicating this situation, many southeastern states had a lack of confidence in California regulatory
programs intended to prevent the transmission of the pathogen via nursery stock. Much of this mistrust
had a foundation in the lack of communication of existing epidemiology, the gaps in basic biological
information on P. ramorum and the lack of harmonization of regulatory approaches between California,
Oregon, Washington and the Federal government.

Many state regulatory agencies were not aware of the USDA Sudden Oak Death (SOD) Compliance
Agreements that formed the basis of operation for nurseries within the regulated counties of California
since 2003. Further, they were unaware of the recommended Best Management Practices and how these
are directly linked to current research findings that validate them. Equally, communication regarding
the purpose and value of the USDA - Forest Service and California Department of Forestry and Fire

Protection monitoring programs, which began in early 2000, was lacking.

When the state regulatory agencies, the federal regulatory agencies and the industry are not extensively
communicating, the most severe economic consequences always fall to the industry.

Key words: Phytophthora ramorum, confirmed nursery, economic impacts

Economic impacts associated with instituting prevention
programs

Economic burdens inherited by the industry may take the form of a one-time cost, such as soil
management, or a recurring cost, such as prophylactic crop treatments. The extent of this
burden will differ depending on the physical and geographical location of the nursery,
environmental factors/influences and disease pressures. In addition to the costs associated

1 A version of this paper was presented at the Sudden Oak Death Second Science Symposium: The State of Our
Knowledge, January 18-21, 2005, Monterey, California
2 Hines Horticulture, P.O. Box 1449, Vacaville, CA 95696, ksuslow@hineshort.com
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with prevention programs, such as switching the type of soil-less media component, nurseries
may opt to alter their product mix and grow less susceptible varieties. In a ripple effect of
economic impact, this strategy has clear potential repercussions in the long-distance market
area if specific crops cannot be grown locally and are not available in prime shipping slots,
such as springtime.

Economic burdens are also associated with implementing tracking programs for inventory
management and audit trails, water disinfection programs, including choice of treatment and
associated water testing, and costs associated with labor practices.

Labor practices may include the redesign and implementation of the nursery field layout,
wherein non-host material is interspersed as two meter or wider swaths between HAP. It is
widely accepted that economics of scale and efficiency are gained when managing large,
uniform blocks of crops; however, large blocks need to be broken up, should a find occur, in
order to minimize the impact of a mandated or voluntary destruction protocol.

Another management practice that may be desirable to a nursery is to implement ELISA
prescreening tests during the time of year when the pathogen is most prevalent. This has clear
labor consequences and costs. If an ELISA screen is positive for general Phytophthora spp. (a
P. ramorum-specific ELISA screen is not available at this time), then the nursery may opt to
apply fungicides. The concern is that treatment may be unnecessary for two reasons; the first
being that there is no established threshold directly correlated with the presence of P.
ramorum or the likelihood of the pathogen on any host. Treatment would most likely be
triggered based on background population numbers alone. Secondly, current ELISA Kits are
not specific for Phytophthora but also react to Pythiaceous fungi, so treatment may be for the
wrong pathogen and unnecessary. Lastly, the treatment may actually mask incipient P.
ramorum infections.

2004 Challenges Associated with the Implementation of the
Confirmed Nursery Protocol (CNP) and the Trace-Forward
Protocol

Nurseries may be found to be infected when sampled during the annual nursery inspection or
as a result of a trace-back from a nursery that received infected product. Once a nursery has
been confirmed to be infected via ELISA prescreen and nested PCR, the CNP is implemented.
The main challenge with this protocol in 2004 was the delay in completion of the delimitation
survey due to either a backlog at the state level if concurrent finds occur at multiple nurseries
in the same state or the fact that the extracted DNA for the nested PCR test must be funneled
through one USDA lab in Beltsville, MD. Due to the backlog in testing, salable plants are
destroyed.

Additionally, a confirmed nursery has two options under the CNP. They may either hold
product within a 10-meter hold area for a 90-day period and resample twice within that period,
or the nursery may destroy all HAP to the genus level within the production lot plus two
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meters and the 10-meter hold area. As a result of the backlog in sampling and testing, it is
impossible to resample twice during a 90-day period and nurseries generally opt to destroy the
plants in the 10-meter hold areas. Once again, healthy, salable plants are needlessly destroyed.

State Regulatory agencies that are attempting to track down the potentially infected material
in their state are frustrated because they receive a full listing of all the HAP that were shipped
into their state over the previous 12 months instead of a prioritized list of what product was
found to be infected at the confirmed nursery. Unfortunately the information is provided to
them prior to the completion of the confirmed nursery delimitation survey so the state agency
has to determine which nurseries may be at highest risk of receiving infected product while
not knowing what product was actually infected.

Another challenge the industry faces is having HAP product from one vendor commingled
with product from another vendor. Should a trace forward identify that a nursery may have
received infected product, all vendor HAP are pulled together and samples are pooled
together. This makes the assumption that there is only one source of infected material and all
vendors now have their product held pending test results. Frequently the retail yard requests
that the product be disposed of properly because they cannot afford to wait the 4-6 weeks for
the test results from the state or the federal government. In each case, the confirmed nursery
pays for the disposal of all vendors product and for all product replacement costs.

One state, in particular, had applied the CNP at the retail level, which resulted in non-host
material being held, all vendor’s material being held, and the closing of many retail yards until
the error in their interpretation was discovered and corrected.

Another challenge the industry faced was the remediation of trace-forward product. Finding
an acceptable method of destruction (either incineration or deep burial) was, at times, very
time consuming. In some locations, conflicting jurisdictions and regional or county
regulations added to the cost and frustration. This resulted in retail yards holding the product
for two or more months while waiting for an acceptable site to be located. This created a high
level of concern for the retailer’s reputation due to name-association with SOD. Reputations
are difficult to rebuild after such events as well as being costly to repair.

Improvements for the Future

Improvements for the future need to include the following:

-The transfer of information in a timely manner;

-The potential utilization of UPC codes to determine origin of product (nationally and internationally);
-The trace-forward protocols to include prioritized list of infected plants from the confirmed nursery;
-Validation of accurate, timely tests;

-More accredited lab facilities;

-The avoidance of multi-vendor pooling of samples.
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Due to the high financial consequences of P. ramorum introductions/occurrence, the industry needs all
regulatory components to be functional, timely, and seamlessly coordinated. The following regulatory

programs play a critical role in achieving this:

-The annual nursery inspection;

-USDA SOD Compliance Agreements;

-County Agriculture agencies linkage with State agencies;
-Restrictions on buy-ins from outside of the country;

-USDA SOD Order.
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APHIS Phytophthora ramorum Regulatory
Strategy for Nurseries®

Jonathan M. Jones?

Abstract

A review of the U. S. Department of Agriculture (USDA) Animal and Plant Health Inspection Service
(APHIS) regulatory response to Phytophthora ramorum is presented as it impacts nurseries and the
nursery industry. The Agency responded in 2004 with three Federal Orders, each more restrictive than
the previous one because the appropriate response called for a more robust program. The most recent
response was a result of over two million host plants from infested nurseries being shipped over a one-
year period to more than 11,000 locations. Consequently, APHIS is working with stakeholders to
design and implement the most effective program possible for the future. Some of the initiatives
described in detail are the Trace Forward Protocol used at those nurseries which have received nursery
stock from another location and the Confirmed Nursery Protocol used at nurseries found with infected
plants. Looking forward, APHIS is working with the Canadian Food Inspection Agency (CFIA) to
harmonize approaches to the disease. Among the strategies under consideration for harmonization and
implementation is a nursery “clean stock program” with a module inserted to assure freedom from P.

ramorum.

Key words: Phytophthora ramorum, APHIS, CFIA, nursery regulation, Federal Order,
Confirmed Nursery Protocol

APHIS responds to Phytophthora ramorum with broad regulations, recently
focused on the movement of nursery stock

APHIS is charged with responding to certain plant health threats. The APHIS response to Phytophthora
ramorum has resulted in a broad regulatory response recently focused on the movement of nursery
stock. The following information details the response, what prompted the response, and some details on
the regulatory program and some of the related policies and procedures. Included are details on the
Federal Orders, the Trace-Forward Protocol, the Confirmed Nursery Protocol, Strategic Plans,
harmonization with Canada, and a program for “clean nursery stock.”

Federal Orders - April and December 2004

The first Federal Orders were issued in April 2004 in response to March detections of P. ramorum in
California nurseries. These orders had the effect of an interim rule, but given the urgency of the
situation, the Orders were implemented as measures pending the issuance of an interim rule. As Canada
and some individual states took unilateral action against the movement of nursery stock from California

! A version of this paper was presented at the Sudden Oak Death Second Science Symposium: The
State of Our Knowledge, January 18-21, 2005, Monterey, California.

2 United States Department of Agriculture, Animal and Plant Health Inspection Service, Plant
Protection and Quarantine; Riverdale, Maryland; Jonathan.M.Jones@aphis.usda.gov
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and, in some instances, from Oregon and Washington as well, and as further surveys and investigations
supported a wider ranging concern than just California nurseries, a new Federal Order was needed.
Working closely with the nursery industry, National Plant Board, and Canada, the Federal Order signed
21 December was drafted. This Order covers most nurseries from California, Oregon, and Washington
that ship interstate. The Order requires at least an annual inspection of nurseries and sampling and
testing if they ship hosts or associated plants. The Order has an intended duration of three years.

Stimulus for response, Trace-Forward Protocol, and Confirmed Nursery
Protocol

During the 2003-2004 shipping seasons, more than two million host and associated plants were shipped
from production or wholesale nurseries found with infected plants in stock. These plants were shipped
to over 5000 unique establishments nationwide. We worked with State Departments of Agriculture to
respond to these shipments and do follow-up inspections at destinations using the Trace-Forward
Protocol. Under these protocols plants at risk are identified, inspected, and tested for P. ramorum.
Should the presence of P. ramorum be confirmed, the Confirmed Nursery Protocol (CNP) is invoked.
The CNP, versions used in both the United States and Canada were designed by scientists, state and
Federal officials, and the CFIA with review and input from nurserymen to put in motion steps to
safeguard and eradicate P. ramorum from confirmed nurseries.

Strategic Plans, Harmonization with Canada, and Clean Stock Programs

As directed by Congress, the USDA Forest Service, with APHIS input, produced “...A National
Strategic Plan” to demonstrate “how the Forest Service would coordinate with other(s)...to address the
threat posed by P. ramorum.” APHIS is working on an operationally oriented Strategic Plan with
Canada, which will include certain scenarios of occurrences of P. ramorum and the appropriate
regulatory response. In December, a bill was passed directing APHIS to develop a national plan for the
control and management of P. ramorum. Since the fall of 2004, APHIS and CFIA have been working to
harmonize their programs. This includes scenario responses, the CNP, National Survey, and
development of a policy toward and handling of, off-continent host imports. A significant part of this
effort is the development and phase-in of a nursery “clean stock” program with a module focused on
addressing, and as effectively as possible, eliminating the risk of P. ramorum moving in nursery stock.
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Update on Diagnostics for Phytophthora
ramorum*

Philip Berger?

Key words: Phytophthora ramorum, detection, diagnostics, PCR, nested PCR, culture

Abstract

Diagnostics used by the U.S. Department of Agriculture (USDA), to determine absence or presence of
Phytophthora ramorum in plant samples, are based on a combination of tests and depend on
collaboration with external laboratories. The system currently in place attempts to maximize limited
resources and at the same time provide the most scientifically defensible, accurate, and rapid
diagnostics available. Described here is an overview of the current system, followed by a discussion of

future plans.

Plant tissue samples originating from trace-forward or trace-back surveys, from national surveys, or
from certification surveys of nurseries are processed by state Department of Agriculture laboratories or
by National Plant Diagnostic Network laboratories. This processing usually includes ELISA pre-
screening (which we strongly recommend) to determine the presence of Phytophthora spp. Samples
that are positive on the basis of ELISA are then subjected to further testing. Laboratories have the
option, either before or after ELISA testing, to try to culture the organism. Presumptive positive
cultures are then to be sent to Dr. Mary Palm (National Mycologist, Beltsville, MD) for confirmation.
Samples where P. ramorum was not isolated, or if they are ELISA positive and no culture was
attempted, are to have DNA extracted, and the DNA sent to the National Plant Germplasm and
Biotechnology Laboratory (NPGBL) (Beltsville, MD), for PCR analysis. This system is summarized in
table 1.

The current system was designed with a number of factors in mind. First, there are limits on the
number of samples that can be processed by individual laboratories or on a national basis. Steps need
to be taken to try to limit the number of samples, such as triage by ELISA. Secondly, one of the major
bottlenecks in the diagnostic system is likely PCR, and particularly preparation of DNA from samples.
Thus, anything that can be done to minimize the number of samples that must have DNA prepared and
subjected to PCR would assist in reducing laboratory diagnosis turn around time. Thirdly, while
successful isolation of P. ramorum is diagnostic for the presence of the pathogen, failure to isolate it
does not allow one to conclude that it is not present. Furthermore, it can be difficult to isolate the
pathogen from certain hosts because there are potential but unknown effects of fungicides and

1 A version of this paper was presented at the Sudden Oak Death Second Science Symposium: The
State of Our Knowledge, January 18-21, 2005, Monterey, California.

2 Center for Plant Health Science & Technology, USDA APHIS PPQ, 1730 Varsity Dr., Raleigh, NC,
27606. 919-855-7412, Philip.h.berger@aphis.usda.gov
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environmental effects can impact isolation efficiency. Therefore, a sensitive molecular test should
provide a more reliable indication or absence of presence of P. ramorum. It is recognized that PCR
also has limitations, but we believe that it represents the best compromise possible, when considering
the entire program.

Animal and Plant Health Inspection Service, Plant Protection and Quarantine (APHIS PPQ) utilizes two
PCR tests. The first is the multiplex PCR developed by Oregon State University. Although we have
validated this method, because it is relatively insensitive compared to the nested PCR test (developed at
University of California, Berkeley), it is used as a quality assurance procedure to ensure that DNA
received by the NPGBL is of sufficient quantity and quality to be amplifiable in the nested PCR test.
Any DNA samples that do not meet these criteria are not tested, and we request a new sample. DNA
that passes this test is subjected to validated nested PCR test. Appropriate positive and negative
controls are included in all tests performed. The nested PCR, while very sensitive, is technically more
demanding than typical PCR assays, is more susceptible to sample-to-sample contamination, and has
relatively low throughput. Nonetheless, the only validated test available to USDA APHIS PPQ at
present is this method. There may also be cross-reactivity with a limited number of other Phytophthora
spp. (and perhaps only one). We have noted that it (P. hibernalis) produces an amplicon in nested PCR
about 20 bp larger than that produced by P. ramorum, and this difference can be detected by trained
eyes and good laboratory technique. While any test has some rate of false positive or false negative
results, the diagnostic tests currently used are such that they will more likely provide a false positive
rather than a false negative, allowing the opportunity to obtain additional samples in the case of
important potential detections.

At the end of June/beginning of July 2004, a Science Panel was convened, and among several topics
substantial time was spent considering P. ramorum diagnostics. The recommendations or conclusions
of the panel included: 1) Improve communications within the regulatory community as well as to
stakeholders regarding diagnostics and associated issues; 2) It would be highly desirable to have an
additional diagnostic test(s) to obtain confirmatory results, particularly a test that is based on a different
genetic locus than that currently used. Such a test would also need to have acceptable throughput; 3)
Obtain better or more complete information on the accuracy of diagnostic tests, and determine the
confidence limit, rate of false positive and false negative results; 4) Culturing of the organism, while
definitive when successful, is inefficient and can lead to a high rate of false negatives under certain
circumstances; 5) A potentially major source of error is related to sampling methods, not necessarily the
diagnostic tests used.

Much remains to be done and the program has room for improvement and/or modification. APHIS is in
the process of finalizing the validation of a Real-time PCR assay for P. ramorum. This test is based on
the test currently used in the United Kingdom and developed by the Central Science Laboratory (York,
U.K.). It is robust and sensitive, and has higher throughput than current APHIS methods. However, it
is still based on an ITS region. Work is underway in a highly collaborative effort involving several
United States, Canadian and United Kingdom laboratories to identify the next test that will enter the
validation process. Work will also be initiated to determine the effects of fungicide treatments on P.
ramorum detectibility and to determine the correlation between ELISA, culture, and PCR detection.
Finally, efforts are underway to approve laboratories external to APHIS on a provisional basis to
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perform the validated diagnostic tests.

The process involves inspection of laboratory facilities,

determining that the laboratories seeking approval have appropriate instrumentation and training, and

ensuring the proficiency of these laboratories using blind test samples. (APHIS must also pass the

proficiency panel.) The system that has been developed is very similar to analogous programs used by
the National Animal Health Laboratory Network. It is hoped that this program will increase national
capacity for P. ramorum testing and decrease the time needed to process samples. The goal is to have

as many as 10-15 laboratories approved by March 2005.

Table 1. Summary of the Federal Phytophthora ramorum diagnostic system.

Culture Nested PCR Action
+ Or + Yes
- And - No
Not required n/a - No
Not required n/a + Yes
- And + Yes
+ n/a (optional) Yes
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Update on European Union and United
Kingdom Legislation for
Phytophthora ramorum®*

Stephen Hunter?

Abstract

Legislative action at both the European Union (E.U.) and United Kingdom (U.K.) national level has
been taken in response to outbreaks of Phytophthora ramorum and, more recently, Phytophthora
kernoviae. Measures are aimed at identifying and preventing the movement of infected nursery stock
and the containment and eradication of outbreaks at nurseries or in established plantings such as historic
gardens and public parks. In addition, legislation relating to a Phytophthora kernoviae Management
Zone has been introduced in the U.K.

Key words: Phytopthora ramorum, kernoviae, E.U. Plant Health Directive

Legislative background

Most European Union quarantine plant health controls flow from the E.U. Plant Health
Directive (2000/29) which is primarily aimed at facilitating the free flow of plants and plant
products within the E.U. without spreading harmful organisms (the ‘Single Market’). This
legislation allows E.U. Member States to introduce emergency measures but these then have
to be reviewed by the Plant Health Standing Committee (PHSC).

In the U.K. implementation of these measures is through the Plant Health Act 1967. Statutory
Instruments are approved by the U.K. Parliament for England and by the devolved
Government arrangements in Scotland, Wales and Northern Ireland.

Chronology of legislative actions

Following the first confirmation of Phytophthora ramorum on a nursery in April 2002 the
U.K. introduced emergency legislation in order to control imports of susceptible material from
the United States and to require notification of susceptible material being moved within the
U.K. Action to destroy or hold material found to be infected was taken under existing Plant
Health Act powers. After discussion in the PHSC, E.U. legislation was introduced through

! A version of this paper was presented at the Sudden Oak Death Second Science Symposium: The
State of Our Knowledge, January 18-21, 2005, Monterey, California

2 Stephen Hunter, Head of Plant Health, Department for Environment, Food and Rural Affairs, Room
351, Foss House, Peasholme Green, York, United Kingdom YO1 7PX,
stephen.hunter@defra.gsi.gov.uk
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Commission Decision 2002/757 of 19 September 2002. This extended controls throughout
the E.U. on susceptible material imported from the U.S. and introduced a plant passport
regime for movement of Rhododendron and Viburnum spp. within the E.U. This regime
includes requirements (relating to inspections and eradication/quarantine procedures at the
place of production) that have to be fulfilled before material can be moved. There also was a
request for Member States to undertake official surveys.

What has happened since?

In December 2003 the PHSC reviewed the 2002 Decision and decided that controls needed to
remain in place. The Decision was amended with Camellia spp. being brought within the
passporting regime. Also foliage was dropped from the regime. In April 2004 ten new
Member States joined the E.U. and formally came within the Phytophthora ramorum controls.
At the December 2004 PHSC it was agreed to retain the existing E.U. controls without
change.

What has this meant in practice in the UK?

The introduction of the plant passporting regime has been bolstered by increased levels of
inspections at production nurseries and ports of entry into the U.K. This has been aimed at
ensuring more rapid detection of any outbreaks on nurseries and reducing the chances of
infected material being brought into the country. A substantial survey of woodland and other
established plantings (for example historic gardens and public parks) has been undertaken to
try and locate Phytophthora ramorum infections in the wider environment. Infected material
at all sites is destroyed. This includes both places of production as required under E.U.
legislation but also at other sites under national legislation. At some historic garden sites,
particularly in Cornwall this has involved clearance of substantial areas of wild Rhododendron
aided by grants under existing Forestry Commission schemes for woodland management.

The U.K. Government has also offered £200,000 towards a hardship fund to be operated by
the industry. This is subject to matching funding by the industry and is aimed at those most
seriously affected by the Phytophthora ramorum controls.

The overall thrust of the U.K. actions, which is supported by a significant scientific
programme, is to contain outbreaks and to attempt to eradicate the disease. The Government
is currently considering what the nature of the containment and eradication programme should
be over the next two years.

Phytophthora kernoviae

The U.K. Government has also instigated containment and eradication action in relation to
outbreaks of a new species, Phytophthora kernoviae, which is threatening native woodlands.
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So far, there has only been one outbreak in a nursery (now eradicated) with the remaining
outbreaks at sites in Cornwall and the Swansea area.

In response to the threat of this pathogen a Phytophthora kernoviae Management Zone has
been created to cover the main outbreak area near Redruth in Cornwall. Access to carry out
surveys, destroy infected plants, particularly wild Rhododendron, and the imposition of
hygiene measures are covered by existing Plant Health Act powers. However, a new
Statutory Instrument, The Plant Health (Phytophthora kernoviae Management Zone)
(England) Order 2004 came into force on 21 December 2004. This provides the Plant Health
authorities with powers to prohibit the removal of host plants from the Management Zone, to
gain access to check compliance and to close ‘rights of way’ through infested areas. A
Schedule to the Order sets out the geographic limits of the Management Zone.
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Phytophthora Species Associated With
Forest Soils in Central and Eastern U.S.
Oak Ecosystems®

Y. Balci?, S. Balci?, J. Eggers?, W.L. MacDonald?,
K.W. Gottschalk® J. Juzwik*, and R. Long®

Abstract

The existence of native and exotic species of Phytophthora in soils of eastern and central oak
ecosystems is largely unknown. This informational void and the potential threat of P. ramorum
to eastern oak species provided the impetus for a multiple state survey of soils associated with
oak cover types. The initial survey was conducted from April to June 2004 in oak forests in
lllinois, Indiana, Maryland, Michigan, Minnesota, Ohio, Pennsylvania, Wisconsin and West
Virgina. Sampling sites were chosen to avoid areas impacted by oak wilt, recent storm damage
or major defoliation. Although most stands contained a diverse community of tree species, oaks
generally predominated. Stands were greater than 40 years of age and located on moist sites.
Eight sites were usually sampled in each state. At each site, four soil samples were taken 1.5 m
from the base of an oak tree in four cardinal directions. Sub-samples from each tree were
bulked; five trees were sampled per site. As of January 2005, a total of 96 sites were surveyed
and soils from 499 oak trees sampled. An oak leaf baiting procedure was used whereby soils
from each tree were placed in a container, mixed and flooded with distilled water. Three- to
seven-day-old Quercus robur leaflets were floated on the water surface to bait Phytophthora.
Leaf samples that trapped Phytophthora were plated on PARPNH-medium. When initial
isolations attempts failed, soils were dried at room temperature and the isolation procedure
repeated. Twenty-three percent of the samples from individual trees yielded Phytophthora;
P. cinnamomi was the most frequently recovered species (77 percent). Other species recovered
included P. europaea, P.cambivora, P. citricola and yet undescribed species. A comparable
survey was conducted during fall 2004 to establish a more complete assemblage of
Phytophthora species so that studies of their role in forest health could be initiated.

Key words: oak decline, Phytophthora cinnamomi, Phytophthora europaea,
Phytophthora ramorum, Phytophthora spp.
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Incidence of Phytophthora species in eastern oak
forests

In total, 96 sites were surveyed and 499 oak trees sampled during spring 2004.
Phytophthora species were isolated from 50 percent of the sites and recovered from
23 percent of the soil samples (table 1). During the spring sampling period at least
seven species of Phytophthora were recovered with P. cinnamomi being the most
frequently isolated species (76.5 percent). The second most common species was
P. citricola (8.4 percent). Other species were less common and sporadically
recovered. These include P.europaea, P.cambivora and two yet undescribed
Phytophthora species. In prior oak forest surveys in Europe, 13 Phytophthora species
were isolated, including five new species (Balci and Halmschlager 2003a,b; Delatour,
2003). Likewise, results of our spring survey suggest that various Phytophthora
species exist in central and eastern oak forests, including several unknown species.
Soil samples collected from Illinois, Minnesota, Michigan and Wisconsin gave fewer
positive results. One reason for this discrepancy in isolation frequency could be due
to the sandy soils associated with Lake State soils.

Isolation frequencies of Phytophthora spp. in relation to
associated oak species

Soils yielding Phytophthora species were taken from the base of 11 oak species.
Only soils from Quercus falcata and Q. stellata failed to yield any species of
Phytophthora. To our knowledge Q. coccinea, Q. muehlenbergii, Q. ellipsoidalis,
Q. macrocarpa and Q. platanoides are new host associations for P.cinnamomi.
Q. alba, Q. rubra and Q. velutina are new associations for P. europaea.

The frequent recovery and widespread distribution of P. cinnamomi in hardwood
forest soils within the survey areas has not been previously reported. The absence of
P. cinnamomi in Illinois, Minnesota, Michigan and Wisconsin might suggest a
climatic limitation to its survival in soils in colder regions or nonconducive soil

types.
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Table 1—The isolation frequencies of Phytophthora spp. in oak forest sites and soils
from base of oak trees during spring 2004.

Positive Total soil Positive soil

State Sites sites samples samples Phytophthora spp.
Illinois 10 1 50 1 P. citricola
Indiana 8 6 40 20 P. cinnamomi
Maryland 12 6 62 14 P. cinnamomi, P. sp2
Michigan 6 0 30 0 -
Minnesota 8 2 40 3 P. quercina 'like'
P. cinnamomi,
Ohio 8 6 40 16 P. citricola,
P. cambivora, P. sp2
. P. cinnamomi,
Pennsylvania 8 2 40 3 P. cambivora, P. sp2
P. europaea,
Wisconsin 8 3 40 3 P. quercina’like’,
P. sp2
P. cinnamomi,
West P. citricola,
Virginia 28 22 157 56 P. Europaea, P. sp1,
P. sp2
Total 96 48 (50%) 499 116 (23%)
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The Effects of Girdling on the Ectomycorrhizal
Fungal Community Associated With Tanoak
(Lithocarpus densiflorus)*

Sarah Bergemann?, Nicholas Kordesch 2, Matteo Garbelotto 2, and
Timothy Metz®
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Abstract

Phytophthora ramorum was identified as the lethal agent of tanoak (Lithocarpus densiflorus), black oak
(Quercus kelloggii) and coast live oak (Quercus agrifolia) in central areas of California. Although the
geographic origin remains unknown, its severe impact on tanoaks and Quercus species, its limited
geographic range and the existence of a single clonal population in North America are indicative of a
recently introduced pathogen. Pathogenic invasions of this magnitude are often recognized as serious
threats to the maintenance of biodiversity affecting both structure and function of ecosystems. Although
several studies aim to understand the epidemiology, pathogenicity and treatment of P. ramorum, the
effects on the microbial community remain unknown. The objectives of this study were to simulate the
formation of cankers formed by P. ramorum through physical girdling of trees and to measure the
impacts on the ectomycorrhizal biomass in both roots and soil. A randomized block design was
implemented with five blocks (60 x 60-m) divided into three (20 x 20-m) plots. Baseline sampling was
performed to examine ectomycorrhizal composition and biomass prior to girdling. Trees were treated in
one of the following manners: (1) gouged for the entire circumference to prevent translocation in
phloem (fully girdled), (2) physically girdled half of the tree to reduce carbon flow (half girdled), or (3)
left untreated as a control. Root tips were sampled 5, 9 and 13 months after treatment. Quantification of
extracted DNA from tanoak roots and collected soil was completed using TagMan chemistry. Primers
and probes were designed to target particular guilds (Cenococcum, Sebacina and Tricholoma) that were
encountered in community assays and exhibited a broad spectrum of reproductive and ecological
characteristics. We found no evidence to support the loss of ectomycorrhizal biomass of specific guilds
on roots; however, there was strong evidence to support significant reduction in biomass of
Cenococcum and Tricholoma from soil. The ratio of pg of DNA to dry biomass was higher during drier
sampling periods for Cenococcum geophilum, likely from imposed water stress. Given that microbial
populations mediate decomposition and mineralization rates, it is not improbable to expect that the
negative impacts on the ectomycorrhizal populations may influence nutrient balance in an ecosystem
after invasion by P. ramorum.

YA version of this paper was presented at the Sudden Oak Death Second Science Symposium: The
State of Our Knowledge, January 18-21, 2005, Monterey, California
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Phytophthora Species From Oak and

Tanoak Forests in California and Oregon®

Everett Hansen?, David Rizzo®, and Matteo Garbelotto®

Key words: mixed-evergreen forests, Phytophthora spp.

Introduction

The current sudden oak death (SOD) epidemics in Europe and western North
America triggered a search of North American oak forests for other Phytophthora
species, and the results from the western United States have been surprising.
Phytophthora ramorum has been the main quarry, and as an aerial pathogen, it is a
surprise in itself. It isn’t alone, however.

Results

Fifteen distinct taxa have been at least partially characterized from trees, soil or
streams in oak forests in Oregon and California. Eleven are named species; four of
these were described within the last five years. Four taxa await formal nomenclature,
including the widespread and abundant aquatic species called “P.g. chlamydo.” The
number of Phytophthora species is mushrooming. Streams where SOD occurs have
particularly rich Phytophthora flora. Seven of the 15 taxa, including P. ramorum and
P. nemorosa, as well as the ubiquitous P. gonapodyides and P. g. chlamydo, have
been recovered from streams. P. cambivora and the closely related P. europaea are
occasionally recovered by baiting, and there are numerous unnamed isolates,
including one group related to, but morphologically distinct from, P. tropicalis, and
another closer to P. capsici. “Early detection” stream monitoring networks are in
place for P. ramorum in both California and Oregon. The number of Phytophthora
isolates of other species that these networks are yielding is overwhelming. We have
developed an automated “single-strand-conformational-polymorphism” (SSCP)
system, combining ITS and COX spacer primers to allow us to screen large numbers

A version of this paper was presented at the Sudden Oak Death Second Science Symposium:
The State of Our Knowledge, January 18-21, 2005, Monterey, California.

“Oregon State University, Corvallis, OR: hansene@science.oregonstate.edu
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of isolates quickly against a suite of reference species (see Poster by Hansen et al., this
Proceedings). Although we have only begun to work through our backlog of isolates,
it is already clear that more species will be added to the list.

The most notorious forest Phytophthora species, P. cinnamomi, causes significant
losses in forests around the world. It is present and destructive in ornamental
plantings or orchards, especially in California, but is only associated with significant
damage in forest plant communities in two locations. In Southern California, Matteo
Garbelotto has reported it killing woodland coast live oak near infested avocado
orchards, and killing manzanitas, including a rare species, adjacent to an infested
Christmas tree plantation. In both cases DNA markers showed a close relationship
between the forest isolates and the agricultural strains. P. citricola, P. cambivora, P.
syringae and P. cactorum are also occasionally encountered in forest situations.
These and other species dominate the Phytophthora flora on oaks in urban settings
and in nurseries, yet remain rare in western forests despite repeated introductions.
Clearly these common *“agricultural” species of Phytophthora have requirements for
aggressive pathogenicity that are not met in forest environments.

P. nemorosa was recently described from stem cankers on coast live oak and tanoak
and leaves of various hosts. It resembles, and is closely related to, P. ilicis (present on
holly within the SOD range). Symptoms and host range are similar to those of P.
ramorum, although P. nemorosa appears to be a native forest pathogen. A third
Phytophthora species is also present as a foliar and bark pathogen in western oak
forests. P. pseudosyringae was first described from European oak forest soils, but is
present and causes disease in western tanoak and coast live oak forests. It was first
reported and is most abundant in California, but is present in Oregon as well. Other
Phytophthora species have been isolated less frequently from leaves and stems of
various SOD hosts, including P. gonapodyides, P. syringae, P. europaea and
something akin to P. capsici. P. ramorum and P. lateralis, the invasive pathogen of
Port-Orford-cedar, are closely related, and their ranges overlap in Oregon. P. lateralis
also has the potential for aerial dispersal. The coincidence of two closely related
species appearing as invasive exotics in the same area remains unexplained.

Discussion

The diverse array of Phytophthora species present in western forests raises a number
of challenging questions. Most practically, it highlights the need for careful and
complete diagnostics when working with symptomatic plant tissues. Can we
distinguish indigenous from exotic species? What are these pathogens doing
ecologically? What should be the regulatory consequences of these species? Why are
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species known as soil inhabitants in Europe found as aerial pathogens here? Are
western mixed-evergreen forest species unusually susceptible to species of
Phytophthora in general? Does the moderate, Mediterranean climate favor foliar
infection? These and many other questions remain.
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Isolation and Characterization of Phytotoxins
Secreted by Phytophthora ramorum®*

Daniel K. Manter?, Rick G. Kelsey?, and Joseph J. Karchesy?®

Abstract

Most Phythophthora species secrete a variety of small, hydrophilic proteins that induce a hypersensitive-
like response to varying degrees in host and non-host plant species. Our research focuses on the
potential role of these proteins in the biology and susceptibility of host species to sudden oak death
(SOD). In this paper we reported on the purification and characterization of several proteins from the
culture filtrates of P. ramorum media. Exposure of leaf discs from several host species (Umbellularia
californica and Rhododendron spp.) to semi-purified protein fractions resulted in altered membrane
integrity and alkalinization of a bathing solution. Such physiological changes are consistent with the
hypersensitive-like response shown in other Phytophthora species, and appear to develop prior to any
visual symptoms (e.g., wilting and/or necrosis). We have also conducted preliminary studies exploring
leaf physiological responses distal to P. ramorum infection zones (i.e., stem inoculations). Similar to
the protein assays, changes in membrane integrity and function may be observed in uninfected, non-
symptomatic leaf tissues. The potential role of these phytotoxins in the development and impact of

SOD was discussed.

Key words: Phytopthora ramorum, phytotoxins
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Incidence of Phytophthora ramorum,
P. nemorosa and P. pseudosyringae in Three
Coastal California Forest Communities!

Shannon K. Murphy? and David M. Rizzo*
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Abstract

Phytophthora ramorum is well established over approximately 450 km of forests along the California
coast. In the course of research on this emerging pathogen, two other aerial species of Phytophthora, P.
nemorosa and P. pseudosyringae, were discovered. 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. However, P. nemorosa and P. pseudosyringae do not appear to cause
landscape level mortality of oaks (Quercus spp.) or tanoak (Lithocarpus densiflorus), as does P.
ramorum. These three species are virtually indistinguishable in the field and can only be identified
microscopically.

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 120 circular, 500-m? plots were established at ten sites
within the known range of P. ramorum in Alameda, Contra Costa, Marin, Mendocino, Napa, Santa
Cruz, and Sonoma counties. Field plots were installed during the summer months of 2001 and 2002 and
re-sampled in the spring and summer of 2004. Six of the sites were in California state parks, three were
in county or regional parks, and one was on private property. Three native forest communities were
surveyed: coast redwood (redwood), and two associations of the mixed-evergreen forest, oak-bay-
madrone (oak) and tanoak-madrone-live oak-Douglas-fir (tanoak) forests. Each of these forest
communities contain numerous hosts of P. ramorum and at least two hosts of P. nemorosa and P.
pseudosyringae. California bay laurel (Umbellularia californica) was the only plant species that
occurred in all of the forest communities surveyed. Plots were located along elevational transects
proceeding perpendicularly from river valleys toward ridge tops, with three independent plots along
four transects at each site, placed in a stratified random design. Transects were selected to represent a
variety of aspects and native plant community types, areas with minimal human disturbance, and
randomly sampled for Phytophthora species. Each plot was evaluated for plant species composition,

1 A version of this paper was presented at the Sudden Oak Death Second Science Symposium: The State of Our
Knowledge, January 18-21, 2005, Monterey, California.

2 Department of Plant Pathology, University of California, Davis, CA 95616; (530)754-9894; corresponding
author: skmurphy@ucdavis.edu
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forest structure and environmental variables, and incidence of aerial Phytophthora species. A total of
5105 trees and shrubs were mapped and examined for Phytophthora species.

Based on the two sampling periods, P. ramorum was recovered from 29 percent of plots at seven sites,
P. nemorosa from 9 percent of plots at four sites and P. pseudosyringae from 9 percent of plots at three
sites (table 1). P. ramorum and P. nemorosa were found together at three sites, on eight plots, and were
both isolated from the same California bay tree 16 times and from coast redwood (Sequoia
sempervirens) one time. P. ramorum coexisted with P. pseudosyringae at two sites, on three plots, and
with one co-occurrence on a California bay tree at Austin Creek State Park. P. nemorosa and P.
pseudosyringae were not recovered together on any plots. All three Phytophthora species were detected
at one site, Redwood East Bay Regional Park. At Big Basin State Park, no Phytophthora species were
recovered in either sampling year. Interestingly, this is the only site where there was no California bay
laurel present, from which we can postulate that bay is a key component to explain presence of the
these Phytophthora species.

We found that the three Phytophthora species occupied similar ecological niches; they overlap in
geographical range, forest community presence, and host range. A Pearson chi-square test analyzed
associations of the pathogens with the forest communities. Each of the pathogens was positively
associated with a specific community type: P. ramorum with the tanoak community, P. nemorosa with
the redwood community, and P. pseudosyringae with the oak community. Although each Phytophthora
species occurred more often with a particular forest community than would be expected if they were
independent, it is important to recognize that both P. ramorum and P. nemorosa were found in all three
forest types. These findings are consistent with observed sampling patterns by other studies (Davidson,
J.M. unpublished data; Jensen, C.E. unpublished data; Wickland and Rizzo 2005; Maloney and others
2005).

Generalized Additive Modeling (GAM) was used to explore how ecological variables may contribute to
pathogen presence in this study. As with previous studies, increased cover of bay was found to increase
the probability of P. ramorum occurrence; a similar relationship with California bay laurel was noted
for P. nemorosa and P. pseudosyringae. GAM substantiated the association analysis that predicted a
high probability of P. nemorosa with the redwood forest type and P. pseudosyringae with the oak
community. The model additionally predicts P. ramorum presence to be greatest at locations close to
the coast, close to a river or creek, and in forests with high total basal area. There was limited recovery
of P. nemorosa and P. pseudosyringae (n<30) so results for these pathogens are exploratory rather than
statistically rigorous. However, the results are biologically plausible and consistent with observations
made by other researchers.

Results from this study provide additional information about the distribution of P. ramorum, including
examination of location and intensity of sudden oak death within state and regional parks, and within
East Bay counties where P. ramorum plots had not previously been established. 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. Future research will continue to monitor
spread of the pathogens within these plots, as well as further examine ecological relationships with
these three pathogens using a larger data set.
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Table 1- Phytophthora species detection at all sites.

Phytophthora
Site County Species®

Pr Pn Pps

Boonville Property Mendocino + - -
Salt Point SP Sonoma - + -
Austin Creek SP Sonoma + - +
Armstrong Redwoods SP Sonoma + - -
Skyline Regional Park Napa + - -
Mt. Tamalpais SP Marin + + -
Briones EBRP Contra Costa + - +
Redwood EBRP Alameda + +

Big Basin SP Santa Cruz - - -
Henry Cowell SP Santa Cruz + + -

*Pr= Phytophthora ramorum; Pn= P. nemorosa; Pps= P. pseudosyringae
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Abstract

Recent research has shown that Phytophthora ramorum is a major threat to California’s coast live oak
(Quercus agrifolia) dominated, mixed-evergreen forests (Rizzo and Garbelotto 2003). However, the
role that diseases caused by other Phytophthora species play in the ecology of these forest communities
is less evident. Surveys in mixed-evergreen forests have revealed two additional Phytophthora species,
P. nemorosa and P. pseudosyringae. In these forests, P. nemorosa, P. pseudosyringae and P. ramorum
are all aerial, canker-causing pathogens with overlapping host and geographic ranges. Although all
three pathogens seem to share a similar ecological niche, P. nemorosa and P. pseudosyringae are not
associated with landscape level tree mortality. Additionally, the geographic distribution of P. nemorosa
and P. pseudosyringae extends beyond the known distribution of P. ramorum. This study was initiated
to learn more about the role of P. nemorosa and P. pseudosyringae in the ecology of mixed-evergreen
forests and to gain an understanding of the dynamics of these forests prior to P. ramorum invasion. In
this paper we address the incidence and mortality levels associated with P. nemorosa and P.
pseudosyringae and describe biotic and abiotic variables associated with pathogen presence.

One hundred 500-m? circular plots were established in coast live oak and bay laurel (Umbellularia
californica) dominated, mixed-evergreen forests outside of the known geographic distribution of P.
ramorum. Plots were randomly distributed at each of eight sites including: Big Creek Reserve (BCR),
Santa Lucia Preserve (SLP), and Hastings Reserve (HR) in Monterey Co.; Las Trampas Regional
Wilderness (LTRW) and Briones Regional Park (BRP) in Contra Costa Co.; Redwood Regional Park
(RRP) in Contra Costa and Alameda Cos.; and Angel Island State Park (AISP) and Point Reyes
National Seashore (PRNS) in Marin Co. At each plot, data were collected on tree species, diameter,
crown position, health and pests. Cover class of all woody and herbaceous species was recorded, as
well as slope, aspect, elevation, distance to trail and waterway, and number of seedlings. Calculated and
derived variables included basal area, importance value, diversity and various climate descriptors.
Symptoms (e.g., leaf lesions, stem cankers) of Phytophthora infection were recorded. Samples of
symptomatic tissues were returned to the laboratory for isolation and identification of the pathogen(s).

! A version of this paper was presented at the Sudden Oak Death Second Science Symposium: The

State of Our Knowledge, January 18-21, 2005, Monterey, California.
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A total of 3463 woody plants were surveyed, including 1219 coast live oak and 1408 bay laurel. P.
pseudosyringae was a commonly isolated pathogen in these forests; it was recovered at six of the eight
sites (BCR, SLP, LTRW, BRP, RRP and AISP). The pathogen was isolated from 118 bay laurel trees in
40 of the 100 plots; disease incidence on bay laurel in these plots averaged 26.9 percent. Cankers
caused by P. pseudosyringae were found on eight coast live oaks in seven plots (a 1.7 percent infection
level in plots with P. pseudosyringae present). Three of the plots with P. pseudosyringae infected coast
live oaks did not have infected bay laurel trees. P. pseudosyringae was never found infecting tanoak
(Lithocarpus densiflorus). P. nemorosa was recovered at four of the eight sites (BCR, RRP, AISP and
PRNS) and found on bay laurel in 22 plots; disease incidence on bay laurel in these plots averaged 59.1
percent. P. nemorosa was isolated twice from tanoak twigs and never from coast live oak. P. ramorum
was recovered in nine of the 100 plots. These appeared to be new infection sites; there was an average
cumulative oak mortality of 7.7 percent in these plots, while the other 91 plots had an average of 6.7
percent. Of the 100 plots, 11 plots had more than one Phytophthora species present and eight of these
plots had more than one Phytophthora on the same tree.

The mean cumulative mortality of coast live oak in all 100 plots was 6.8 percent. To assess whether P.
pseudosyringae was causing high levels of unidentified mortality in the plots, the mean cumulative
mortality in the 43 plots with P. pseudosyringae infection on any host (8.9 percent) was compared to
the mean cumulative mortality in the 57 plots with no infection (5.1 percent). These two means were
not significantly different (Wilcoxon rank sum test, n=100, P=0.06). The low incidence and mortality of
coast live oak and tanoak attributed to both P. pseudosyringae and P. nemorosa suggests that although
these are common foliar pathogens of mixed-evergreen forests, at this time they are causing low levels
of change and are essentially background mortality agents.

Multiple logistic regression was used to determine the environmental, compositional and structural
variables that contribute to the likelihood of disease presence in a plot. P. pseudosyringae presence in a
plot was found to be positively correlated with increased slope (P=0.003) and increased bay laurel basal
area per ha (P=0.013) and negatively correlated with woody species diversity of the plot (P<0.0001)
and average annual precipitation (P=0.0019). P. nemorosa presence in a plot was positively correlated
with bay laurel basal area per ha (P=0.006) and annual average precipitation (P=0.003) and negatively
correlated with elevation of the plot (P<0.0001).

The observed positive density dependence between both P. nemorosa and P. pseudosyringae and bay
laurel is presumably a result of the increasing target for airborne inoculum with increasing bay laurel
basal area. A similar positive association with bay laurel has been observed with P. ramorum (Kelly
and Meentemeyer 2002, Swiecki and Bernhardt 2002, Murphy and Rizzo, this volume). Although
numerous plant species were sampled in this study, bay laurel was overwhelmingly found to be the
dominant foliar host of both P. nemorosa and P. pseudosyringae. As is the case with P. ramorum
(Davidson and others., this volume), bay laurel could be the driver of P. nemorosa and P.
pseudosyringae spread and survival in coastal forests by acting as the major reservoir and supplier of
inoculum.

P. pseudosyringae occurrence in a plot was also strongly associated with lower diversity forests. The
plots in which P. pseudosyringae was most commonly found were a somewhat reduced phase of the
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mixed-evergreen forest in which coast live oak and bay laurel were dominant and other species, such as
madrone (Arbutus menziesii), toyon (Heteromeles arbutifolia), big leaf maple (Acer macrophyllum) and
tanoak, were uncommon. These other species, on which P. pseudosyringae infection was never found,
may act as a barrier to the movement of spores. If this is the case, then the less bay laurel’s presence is
diluted by other species in the forest, or the less diverse the forest is, then the higher the likelihood of
disease presence. Because of its wide host range the opposite may be true for P. ramorum; more diverse
forests may increase the likelihood of disease occurrence (Rizzo and Garbelotto 2003).

The logistic models indicated that P. nemorosa was associated with higher annual average precipitation
and lower elevation plots, while P. pseudosyringae was associated with lower annual average
precipitation plots. The current broad-scale distribution of P. nemorosa and P. pseudosyringae support
these results; P. nemorosa is more commonly found in the more mesic near-coast forests while P.
pseudosyringae is predominantly recovered in more inland areas that receive less rain (Jensen and
others., this volume).

These plots are part of a larger network established to evaluate the effects of disease on various coastal
California forest types. Further research and analysis based on the combined information from all plots
will help to strengthen our overall understanding of the role of native and exotic pathogens in forest
communities.

References

Davidson, J.M.; Wickland, A.C.; Patterson, H.A.; Falk, K.R.; and Rizzo, D.M. 2005. Transmission of
Phytophthora ramorum in mixed-evergreen forest in California. Phytopathology 95(5): 587-
596.

Jensen, C.E.; Wickland, A.C.; and Rizzo, D.M. 2006. Distribution and pathogenicity of P. nemorosa
and P. pseudosyringae in California’s coastal forests. In: Frankel, Susan J.; Shea, P.J.; and
Haverty, M., technical editors, Proceedings of the Second Sudden Oak Death Science Symposium,
2005 January 18-21; Monterey, CA. Gen. Tech Rep. PSW-197. Albany, CA: Pacific Southwest
Research Station, Forest Service, U.S. Dept. of Agiculture.

Kelly, N.M. and Meentemeyer, R. 2002. Landscape dynamics of the spread of sudden oak death.
Photogrammetric Engineering and Remote Sensing 68: 1001-1009.

Murphy, S.K. and Rizzo, D.M. 2005. Incidence of Phytophthora ramorum, P. nemorosa and P.
pseudosyringae in three coastal California forest communities. In; Frankel, Susan J.; Shea,
P.J.; and Haverty, M., technical editors, Proceedings of the Second Sudden Oak Death Science
Symposium, 2005 January 18-21; Monterey, CA. Gen. Tech Rep. PSW-197. Albany, CA: Pacific
Southwest Research Station, Forest Service, U.S. Dept. of Agiculture.

Rizzo, D.M. and Garbelotto, M. 2003. Sudden oak death: endangering California and Oregon
forest ecosystems. Frontiers in Ecology and the Environment 1: 197-204.

Swiecki, T.J. and Bernhardt, E. 2002. Evaluation of stem water potential and other tree and stand
variables as risk factors for Phytophthora ramorum canker development in coast live oak.
General Technical Report PSW-GTR-184, Albany, CA, Pacific Southwest Research Station,
Forest Service, U.S. Department of Agriculture. 846 p.

75



Susceptibility of Conifer Shoots to Infection by
Phytophthora ramorum*
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Abstract

Phytophthora ramorum is the pathogen that causes sudden oak death, which was first detected on
tanoak in Marin County, California in 1995. The identification of several conifers as hosts of P.
ramorum and the increased spread of this pathogen via shipment of ornamental nursery stock has the
potential to severely impact the Christmas tree, conifer nursery and forestry industries if this pathogen
spreads into major production areas. Four conifers (Douglas-fir, grand fir, yew and coast redwood) are
among the naturally infected hosts that have been reported for this pathogen. There are large numbers
of different types of conifers grown as Christmas trees and in conifer nurseries in the Pacific Northwest.
To better understand the potential impact that this pathogen might have on the Christmas tree, conifer
nursery and specialty forest products industries, a series of inoculation studies was conducted to
determine the susceptibility of foliage and shoots from 25 conifers to P. ramorum. Growth stage and
inoculum concentration had a significant effect on the susceptibility Douglas-fir. Needles on emerging
shoots from dormant seedlings were only susceptible to infection when inoculated just after bud break.
However, needles on actively growing terminals and side shoots of container-grown nursery seedlings
were susceptible throughout their growing season. No disease developed when Douglas-fir and noble
fir seedlings were inoculated with A1 or A2 mating types at inoculum concentrations below 10*
zoospores per ml. Twenty of the conifers tested, including many of the important species that are used
as Christmas trees, were susceptible to A2 mating types of P. ramorum. Symptoms included needle
blight, a shoot blight resulting from needle infections, and stem dieback resulting from the growth of
the pathogen from infected shoots into the stem. Significant shoot blight occurred on some Abies
species. Our research indicates that a number of conifers are potentially susceptible to P. ramorum. In
addition, host phenology and inoculum concentration are important factors affecting infection of
conifers by P. ramorum.
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Susceptibility Levels of Rhododendron
Species and Hybrids to Phytophthora
ramorum®

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

Abstract

Until now there has been little scientific information available about the susceptibility of
different Rhododendron species and cultivars to Phytophthora ramorum. However, growers
could use this knowledge as part of their control strategy. In our susceptibility screening we
first optimized different inoculation methods on stem and leaf material. Four methods were
chosen for the actual screening: two on detached leaves and two on detached stems, each time
involving either wounded or non-wounded tissues. Finally, 63 Rhododendron species and
hybrids were screened and the correlation between the different inoculation methods was
investigated. Inoculation methods involving wounding revealed limited differences in
susceptibility between the species and hybrids. However, inoculation methods on non-
wounded tissues showed a larger degree of variation in susceptibility. This suggests that when
some form of resistance is present, it probably takes place at the level of tissue penetration.

Key words: host resistance, inoculation method, penetration

Introduction

The most important hosts of Phytophthora ramorum in Europe are cultivated
Rhododendron species and hybrids. Since November 2002, EU emergency
phytosanitary measures have been taken to prevent the introduction and spread of P.
ramorum in Europe. Surveys at all commercial Rhododendron-growing premises are
part of these measures and have led to P. ramorum findings at 2 to 5 percent of the
inspected sites in several European countries. An eradication and quarantine program
was initiated at these premises in case of positive findings, resulting in serious
commercial losses for the grower. Belgium is one of the larger Rhododendron-
growing areas in Europe, and growers are taking all possible preventive measures to

L A version of this paper was presented at the Sudden Oak Death Second Science Symposium: The
State of Our Knowledge, January 18-21, 2005, Monterey, California.

2 Agricultural Research Centre (CLO), Dept. of Crop Protection (DGB), Burg. Van Gansberghelaan 96,
9820 Merelbeke, Belgium.
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avoid P. ramorum infestations at their site. These measures mainly consist of
sanitation, limiting the leaf wetness period, avoiding plant injuries, and preventive
fungicide treatments. Using host resistance would be another possible tool, for which
there is high interest among growers. The objective of this study was to provide
scientific knowledge about the relative susceptibility of several commercially
important Rhododendron cultivars, as well as several botanical species.

Materials and methods

A total of 21 botanical Rhododendron species and 42 Rhododendron hybrids were
screened for their susceptibility to P. ramorum. Species were selected to represent the
main subdivisions within the genus Rhododendron. Hybrids were selected based on
their economic importance. Two P. ramorum isolates from Rhododendron and two
from Viburnum were tested on a few Rhododendron cultivars to check for strain
effects. Different inoculation methods were tested on detached leaves and stems and
evaluated based on consistency and expected relevance. Some methods were based
on those described by Tooley and others. (2004). Timing and evaluation system were
optimized for each inoculation method.

In the main screening experiments, four inoculation methods were used on either
wounded or non-wounded leaves or stems. The methods involving non-wounded
tissue were used to estimate the ability of the hosts to resist tissue penetration. The
methods involving wounded tissue were geared at evaluating the resistance to
pathogen growth inside leaf and stem tissue. Leaf and stem materials were as uniform
as possible and less than 1 year old. Assays were performed in nine batches from
June to September, each time including a standard cultivar as the internal control.

Results and Discussion

Preliminary tests using four different P. ramorum isolates did not indicate
significant pathological variation between the four P. ramorum isolates. Therefore,
the main tests were performed using one isolate. All cultivars and species were
susceptible to some extent when wounded leaf or wounded stem tissue was
inoculated. Limited differences were observed in lesion size between most cultivars
and species. In contrast, inoculation of non-wounded leaves and stems did not
result in symptoms on some cultivars and species. These data suggest that if
resistance is present, it is most likely taking place at the level of tissue penetration.
Time of year and age of plant material did not affect the results with most assays
except for the one involving non-wounded leaves. There was a statistically
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significant, but low, correlation between the inoculation methods. We concluded
that multiple inoculation methods can be useful in these susceptibility screens as
they can reveal different aspects of resistance.

This research has differentiated Rhododendron species and hybrids in disease
susceptibility classes and can contribute to further nursery management and
control strategies. Long-term application of the data may involve breeding for
disease resistance.
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Variation in Phenotype for Resistance to
Phytophthora ramorum in a Range of Species
and Cultivars of the Genus Viburnum*
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Introduction

Phytophthora ramorum is a recently introduced plant pathogen causing a range of diseases
including sudden oak death, Ramorum shoot dieback and Ramorum blight (Rizzo and others
2002, 2004; Werres and others 2001). P. ramorum also attacks several nursery crops including
viburnum and rhododendron (Werres and others 2001). Since its discovery P. ramorum has
been shown to have a remarkably wide host range including many nursery crops (Parke and
others 2002; Linderman and others 2002). It is well established that the ornamental plant
Viburnum plicatum var. tomentosum cv. Mariesii and other Viburnum species or cultivars are
highly susceptible to P. ramorum. What is not known is whether all cultivars in the genus
Viburnum are equally susceptible, whether they are field- or container-grown. The objective
of our research was to evaluate nine species of field-grown Viburnum for resistance to P.
ramorum.

Materials and Methods

We evaluated nine species of field-grown Viburnum including V. burkwoodii, V. dentatum, V.
lantana, V. opulus, V. plicatum, V. lentago, V. nudum, V. sargentii, and V. trilobum for a total
of 23 cultivars for resistance to P. ramorum in detached leaf tests. Foliage of Viburnum was
obtained from the Carlton Plants Nursery on September 20, 2004. Detached leaves were
wound-inoculated with 6-mm agar plugs of 1-week-old colonies of P. ramorum using strain
4123 (isolated from Rhododendron macrophyllum, the predominant U.S. genotype of mating
type A2) and strain 03-74-D12-A (isolated from V. plicatum var. tomentosum Mariesii the
European genotype of mating type Al) grown on dilute V-8 agar. Four mycelial agar plugs
were used to inoculate each of three leaves in each cultivar. Another leaf was inoculated as a
control with four plain agar plugs. Leaves were incubated in moist chambers at 20 °C for 8
days before measurements were taken. Lesion area was determined as the percentage of the
total leaf area using the Assess program (APS, St. Paul, MN).

IA version of this paper was presented at the Sudden Oak Death Second Science Symposium: The State of Our
Knowledge, January 18-21, 2005, Monterey, California.
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Results and Discussion

We obtained significant differences for levels of resistance based on percentages of leaf
areas affected (P < 0.001) and no significant differences for isolates and interactions
between isolates and cultivars. The percentages of lesion areas affected ranged from 95
percent (cvs. V. burkwoodii cv. unkown, V. plicatum var. tomentosum cv. Mariesii, and V.
trilobum cvs. Alfredo and Bailey), to intermediate responses between 25 to 90 percent (cvs.
V. burkwoodii cv. Mohawk, V. lantana cv. Mohican, V. opulus cvs. Compacta and Hanum,
V. lentago cv. unkown, V. sargentii cv. Onandaga, V. trilobum cv. Redwing), to less than 15
percent infection (V. dentatum cvs. Autumn Jazz, Blue Muffin, Chicago Lustre, and
Burgundy; V. opulus cv. Sterile, V. plicatum cv. Newport, Popcorn, Shasta, and Shoshon; V.
nudum cv. Winterthur, V. trilobum cv. Wentworth). Our data indicate that there is a
considerable range of resistance among phenotypes in the genus Viburnum from high
susceptibility to resistance.

Lesion area of Viburnum spp. and cultivars
inoculated with P. ramorum 4123 and D12A
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Figure 1 — Disease severity for 8 of the 23 cultivars of Viburnum tested for resistance to
Phytophthora ramorum in detached leaf test assays.
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Variation in Susceptibility of Umbellularia
californica (Bay Laurel) to Phytophthora
ramorum*

Matthew Meshriy?, Daniel Hiiberli?, Tamar Harnik? Lori Miles?, Keefe
Reuther?, and Matteo Garbelotto?

Abstract

Bay laurel (Umbellularia californica) is an important foliar host in terms of spore production and
transmission of disease. We designed a bioassay to screen for variation in susceptibility to
Phytophthora ramorum among populations of bay laurel collected along the coast of California to
southern Oregon and also from Yosemite. Mature leaves of bay laurel were inoculated with zoospores
and nine days later lesions and infection percentage were measured. Results indicated that each
population comprises trees of different susceptibility. Data from three separate trials indicated that trees
from Oregon were less susceptible than those from California. There was little variation among
populations from California. Seasonal variation in susceptibility of bay laurel to P. ramorum was
observed among populations. It is hypothesized that the interaction of a number of factors are
responsible for the observed variation in susceptibility including host resistance, genetic structure of
host species in the forests, pathogen variation, and environmental conditions.

Key words: foliar lesion, infection, inoculation, Phytophthora ramorum, resistance,
susceptibility

Introduction

The coexistence of a number of different hosts in California forests allows Phytophthora
ramorum to become established. In particular, severe stem cankers on coast live oak (Quercus
agrifolia) are strongly associated with heavily infested leaves of adjacent bay laurel
(Umbellularia californica) (Kelly and Meentemeyer 2002, Swiecki and Bernhardt 2002) and,
in fact, foliar infections of bay laurel generally precede the infection of oaks (Rizzo and
Garbelotto 2003).

Bay laurel is one of the most important epidemiological hosts for P. ramorum in California by
serving as a reservoir of inoculum (Davidson and others 2002). In Oregon, on the other hand,
only one infected bay laurel tree has been found (Hansen and others 2005). Why is there this
difference in susceptibility between bay laurel from California and Oregon? Preliminary field
and laboratory experiments have indicated that bay laurel plants have varying levels of

! A version of this paper was presented at the Sudden Oak Death Second Science Symposium: The
State of Our Knowledge, January 18-21, 2005, Monterey, California.
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susceptibility to P. ramorum (Rizzo and others 2002, Garbelotto and others 2003). In this
paper, we investigated the susceptibility of various populations of bay laurel along the coast of
California to southern Oregon to P. ramorum. We also investigated the seasonal variation in
susceptibility within a California population of bay laurel. This knowledge is extremely
important in order to develop a full understanding of the epidemiology of sudden oak death in
California and Oregon.

Methods

Mature leaves from 15 bay laurel trees along transects of 18 mixed forest populations in
Oregon and in California were sampled. Three to six populations were sampled in each of
seven separate trials conducted from November 2003 to September 2004. In the laboratory,
detached leaves were inoculated with zoospores of P. ramorum (isolate Pr-52) similar to the
protocol outlined in Hiberli and others (2003) with the modification that detached leaves were
placed into 50-ml tubes, tip-side down, and 300yl of zoospores (2x10* zoospores/ml) added to
the tubes. A total of 20 leaves per tree were inoculated. After incubation at 20 °C overnight,
leaves were placed into moist chambers and incubated for 9 days at 20 °C. Lesion area was
determined using Assess (Version 1.01, APS Press, St. Paul, MN). Sections of the lesions
were plated onto P1oARP, a Phytophthora-selective agar medium modified with 25 mg of
pentachloronitrobenzene (PCNB) to confirm the presence of P. ramorum (Rizzo and others
2002).

Results and Discussion

Bay laurel populations were significantly different (P < 0.05) in their susceptibility to P.
ramorum. Within all populations sampled in California and Oregon, consistently less
susceptible individuals were found. Bay laurel populations from Oregon had significantly (P <
0.05) smaller lesions than those from California (fig. 1). Seasonal variation in the
susceptibility of bay laurel trees within populations was observed over a period of roughly one
year, with maximum susceptibility occurring during the months of March and April. We will
be conducting common garden studies of seedlings from Oregon and California, as well as
molecular tests, to determine the genetic variation of bay laurel populations.
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Figure 1—Mean leaf lesion area (+ standard error) of Umbellularia californica (bay laurel)
trees from Marin County, California (M) and Curry County, Oregon () after inoculation with
Phytophthora ramorum. (Error bars represent standard error)
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Magnetic Resonance Imaging (MRI) of Oak Trees
Infected With Phytophthora ramorum to
Determine Potential Avenues of Infection in Bark®

Edwin R. Florance?

Abstract

Non-destructive magnetic resonance imaging (MRI) revealed pathological anatomical features of coast live
oak trees (Quercus agrifolia) that were naturally infected with Phytophthora ramorum. Fresh excised
whole slices showing typical macroscopic cankers and bleeding were examined. Infected areas (i.e.
cankers) were compared to presumed healthy sections. Various infected tissues were revealed and the depth
of infection into the xylem could be estimated. Discontinuous distribution of water in the outer layer of
sapwood was observed and high water concentrations appeared in the cankers. MRI also revealed channels
in the periderm (bark) with high water concentration. Microscopic examination revealed the channels to be
rays continuous with the rays extending into the xylem. The rays function in the radial conduction of water,
and it is suggested that they may serve as an avenue of infection for P. ramorum.

Key words: magnetic resonance imaging, microscopy, periderm, Phytophthora ramorum,

Introduction

A major question regarding the biology of Phytophthora ramorum is what plant structures does it
utilize to establish infection? Recently hyphae of P. ramorum have been identified growing in
lenticels of naturally field-infected material and in stomata of both field- and experimentally
infected plant species (Florance 2002) (figs. 1 & 2). Lenticels are present in young growth, i.e. 1-
to 5-year-old twigs. In deciduous plant species stomata are only present during certain parts of the
growing season. However, it is known that infections occur in older stems and in very old tree
trunks where P. ramorum causes cankers and bleeding. As a result, it is not known whether other
avenues that can be utilized by P. ramorum to establish infections. The following questions need
to be answered: 1) What structures are available as avenues for infection during the periods of
the year when stomata and/or lenticels are not available? and 2) What structures could be utilized

! A version of this paper was presented at the Sudden Oak Death Second Science Symposium: The State of
Our Knowledge, January 18-21, 2005, Monterey, California.
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to establish infections in older trees, e.g., trees more than 10 years old or older? Earlier attempts
to investigate the bark (periderm) of Lithocarpus densiflorus and Quercus spp. infected with P.
ramorum using the techniques of histopathology combined with scanning electron microscopy
(SEM) provided limited data (Florance 2002). Therefore, other techniques were evaluated. It was
determined that high resolution Magnetic Resonance Imaging (MRI) would be a valuable
technology that could expand understanding of diseased oak trees (MacFall and others 1994).
This recently developed technology is utilized mostly in areas related to human medicine. It has
not been generally applied in areas of plant pathology (Kramer and others 1990). However, it is
highly effective, and lately has allowed for the analysis of internal wood and bark structure (Hall
and others 1986; Wang and Chang 1986; Hailey and Swanson 1987; Chang and others 1989;
Olson and others 1990; Chang and others 1991; Coates 1998; Contreras and others 2002). The
major advantage of using MRI is that it is non-destructive. It can also provide both anatomical
and functional data about the infected host (MacFall and others 1994). However, a limitation is
that resolutions are in the range of approximately 100um to 200um. Since the anatomical
structures produced by P. ramorum are smaller (e.g., hyphae are 5um to 8um in diameter),
individual structures cannot be resolved. Therefore, SEM, which achieves resolutions of
approximately 200 to 300A, combined with MRI, can provide a more complete understanding of
P. ramorum in infected oak trees.

MRI is an interaction between an external magnetic field, radio waves, and hydrogen nuclei in the
tissues being examined. Because it detects hydrogen nuclei, and water is the most abundant
molecule in biological material, image contrast is achieved by comparing areas high in water
concentration to areas of lower concentration. The brightest areas in an MRI are areas of greatest
water concentration. Preliminary data indicate: (1) high water concentration in the areas where
cankers occur, (2) disruption of the outer most water conducting xylem, and (3) channels in the
bark through which fungi and other organisms may infect the tree.
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Figure 1- Hyphae of Phytophthora ramorum growing in a lenticel of tanoak, Lithocarpus
densiflorus. Infection was positively identified via PCR.

Figure 2— Hyphae growing in a stoma of infected Umbellularia californica (California bay laurel).
The tree was naturally infected but demonstrated to be positive for P. ramorum via PCR.
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Materials and Methods

Slices from P. ramorum-infected Quercus agrifolia were provided by Jennifer Davidson (Pacific
Southwest Research Station, USDA Forest Service and the University of California, Davis) for
cytological and MRI data acquisition. Figure 3 shows an example of an infected tree cross section
used as one of the study samples.

Figure 3— Slice from a P. ramorum-infected coast live oak tree (Quercus agrifolia). Note the
infected areas in the bark (cankers).

The dark colored areas in the bark are the infected sites referred to as cankers. Collected material
was prepared immediately for cytological examination. Bark cubes, 5 mm per side, were removed
and fixed directly in 4 percent phosphate buffered glutaraldehyde (pH 7.0 at 4°C) for 2 hours.
After fixation, all samples were washed thoroughly with the buffer and post-fixed in 1 percent
osmium tetroxide. Dehydration was achieved through an ascending series of ethanol solutions
(EtOH/Distilled H»0), 30 percent, 50 percent, 70 percent, 90 percent, and 100 percent ethanol.
Samples were soaked three times for 10 minutes in each solution After dehydration the samples
were prepared for critical point drying by passing them through an ascending series of
ethanol/amyl acetate solutions, 30 percent, 50 percent, 70 percent, 90 percent, and 100 percent
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amyl acetate. Again, the samples were given three 10-minute soaks in each solution. Samples
were transferred immediately to a critical point drier using liquid CO, as the transition fluid.
Analysis was done using either an AMRAY 1810T scanning electron microscope or a Zeiss
Axiostar light microscope. Data were captured digitally and measurements were made using
NIH image software. Because MRI does not require fixation procedures, cookies were
maintained in a fresh condition, placed in the requisite magnetic coil, and inserted into the MRI
chamber for data acquisition.

Results
MRI Data

The outer layer of xylem cells (i.e., the youngest cells, bright band) are filled with water (fig. 4).
The water concentration in the xylem is disrupted around the upper left circumference of the tree
where the cankers exist (fig. 4). At the site of a canker, water concentration increases
significantly. Water channels in the bark that are continuous with the water conducting xylem are
revealed (figs. 4 & 5). The channels correspond to rays observed with scanning electron
microscopy (fig. 7).

Figure 4 - MRIs of infected Quercus agrifolia showing the cankers (i.e. infected) areas. Also note
the outer water conducting xylem and the white bands in the bark containing water. The images
were captured at two different strengths of the magnetic field.
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Figure 5 - Small section of the image in fig. 4 to further demonstrate the water-filled channels in
the bark.

Microscopy Data

Since MRI does not have the capability of resolving individual cell structure, the water channels
were further investigated using light and scanning electron microscopy. At low magnifications,
using a dissecting microscope, bands that traverse radially across the periderm can be identified

(fig. 6).
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Figure 6— Low magnification photo showing a line of cells that traverse the bark. This line of cells
correlates with the channels indicated in fig. 4.
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Figure 7— Scanning electron micrograph of ray cells. They are the cells that form the white,
water-filled bands in the bark revealed by MRI.

Scanning electron microscopy revealed the bands to be ray cells elongated radially toward the
outside of the tree (fig. 7). These cells correlate with the water-filled bands in the periderm shown
in fig. 5.

Discussion and Conclusions

Technically, the outer most tissues of secondary origin in an oak tree should be referred to as the
periderm. The word bark, on the other hand, is a non-technical term that refers to everything
outside the vascular cambium. Each new growing season the periderm is composed of many
living cells, e.g. cork cambiums, cortical cells, etc. An abundant supply of water must be radially
translocated into these tissues to maintain cell division and growth. As demonstrated by MRI, the
ray system functions in that capacity. And by correlating the MRI data with the structural data
obtained with SEM, it has been demonstrated that the water-filled rays traverse from the xylem
through the phloem and into the periderm. Regarding the various portals that may serve as
infection entry points for P. ramorum, the bark, or periderm, appears to be a likely point of
access. Bark is generally considered to be protective and more or less impenetrable by many
pathogens. However, data obtained by MRI suggests otherwise. These water filled channels, or
rays, could serve as natural avenues for the hyphae of P. ramorum to penetrate into the deeper
tissues of and older oak tree.
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It is important to point out that the samples studied were naturally infected in the field. Even
though the presence of P. ramorum was demonstrated by culture and PCR, other microorganisms
may have contributed to canker size and tissue disruption as demonstrated by MRI.

What has been presented above are preliminary data obtained from MRI observations correlated
with considerable cytological work. MRI is a powerful technology, and when combined with
scanning electron microscopy answers to the previously stated questions can be obtained. In
addition, significant functional data can be acquired. For example, answers to questions about the
depth and breadth of an infection may be determined, and specific tissues that have been
disrupted can be identified.
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Abstract

The comparative risk to trees posed by European (E.U.) versus North American (U.S.) isolates of
Phytophthora ramorum, the possible risk posed by genetic recombination between them, and whether
European versus North American isolates represented discrete sub-populations was investigated.
Population samples of E.U. and U.S. isolates were compared for growth rate across different
environments (gene x environment tests), phenotypic stability, host range, pathogenic aggressiveness

and sexual behaviour.

In linear growth tests on carrot agar at 20°C, samples of E.U. isolates grew significantly faster on
average than U.S. isolates (35 to 39 isolates per sample). In several tests a total separation of the E.U.
and U.S. isolates occurred. E.U. samples grew faster on average even when the U.S. samples were
freshly obtained from the field (courtesy Dave Rizzo) and the E.U. isolates had been in culture for two
or more years. In similar tests at 12.5°C, 15°C and 27°C the E.U./U.S. growth rate difference was
maintained, but the mean growth curves for the E.U. and U.S. groups across the different temperatures
were similar, indicating conspecificity. When tested at 30°C, only 37 percent of E.U. isolates grew,
whereas 80 percent of U.S. isolates did so. This indicates E.U. isolates have a slightly lower maximum

temperature limit for growth than U.S. isolates.

In the above growth-rate tests the variance of the E.U. samples was often very small, suggesting
clonality, whereas that of the U.S. samples was much larger. Furthermore, E.U. isolates were
consistently of a fairly uniform and characteristic ‘wild type’ colony morphology. U.S. isolates,
however, were either wild type or fell into a range of morphologically variable, often slow growing
‘non wild type’ colonies. Routine subcultures and single hyphal tip subcultures taken from selected
E.U. and U.S. isolates confirmed that U.S. isolates were intrinsically developmentally unstable, and that
they could change from wild type to unstable non wild type. The basis of this instability is unknown. In
a preliminary screening no viral dSRNA was detected in selected ‘non wild type’ isolates. In another
test, a single P. ramorum isolate from Belgium, shown by S. Werres (personal communication) to be of
A2 sexual and not Al sexual compatibility type (see below), was shown to be a typical E.U. isolate on
the basis of its growth rate and colony type.

1 A version of this paper was presented at the Sudden Oak Death Second Science Symposium: The State of Our
Knowledge, January 18-21, 2005, Monterey, California.

2 Forest Research Agency, Alice Holt Lodge, Farnham, Surrey GU10 4LH, UK;

% clive.brasier@forestry.gsi.gov.uk
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In repeat tests for pathogenicity to bark on the susceptible host Quercus rubra (via wound inoculation
and measurement of lesion area), samples of E.U. isolates were, on average, significantly more
aggressive than U.S. isolates, though the ranges of the two groups always overlapped. An E.U. sample
was more aggressive, on average, even when the U.S. isolates were freshly obtained from the field and
the E.U. isolates had been in culture two or more years. The potential host ranges of E.U. and U.S.
isolates were compared by wound inoculation of mature stems of about 30 European and North
American trees. Comparisons were based on lesion sizes caused on different tree species. The host
ranges of the E.U. and U.S. isolates were shown to be very similar, again indicating conspecificity.

In standard sexual compatibility type tests on carrot agar, using Al- and A2-type testers of other
Phytophthora species, samples of E.U. isolates were all of Al-type. Samples of U.S. isolates (excluding
European-type nursery isolates from the Pacific Northwest) were all of A2-type (consistent with results
obtained by other researchers). However, production of oogonia in these interspecific pairings was
unusually slow, sparse and unpredictable. Also, using the same protocol, no oogonia could be obtained
in pairings between the putative P. ramorum Al- and A2-types. Subsequently, a method was developed
for producing oogonia of paired E.U. A1 x U.S. A2 P. ramorum isolates on carrot agar (Brasier and
Kirk, 2004). Nonetheless, gametangial formation is still unusually sparse. Overall, it remains unclear
whether P. ramorum is truly A1/A2 outcrossing or whether its sexual breeding system is functional.

Conclusions: (1) E.U. and U.S. isolates exhibit many similarities in continuous variables indicating
conspecificity. Equally, there are important differences between them for continuous variables, such as
growth rate and aggressiveness. These are likely to reflect differences in fitness, in other words adaptive
differences. They are further supported by differences in predominant sexual compatibility type, and by
differences in molecular polymorphisms observed by other workers. (2) For the present, the E.U. and
U.S. types should be considered distinct phenotypic populations. (3) Since the E.U. population exhibits
both Al and A2 sexual compatibility types i.e. it could potentially ‘breed true’. (4) The U.S. population
exhibits greater phenotypic variation and unusual developmental instability. (5) If recombination
(sexual or somatic) were to occur between the E.U. and U.S. populations, further additive allelic
variation is likely to be generated, in other words there is a risk that recombination could lead to the
generation of further adaptive variation.

It is unclear at present how these phenotypic differences between the E.U. and U.S. populations came
about. Three possible explanations are suggested: (A) That the E.U. and U.S. types are part of an
original, far more variable gene pool in P. ramorum’s center of origin. Their differences reflect a
combination of genetic bottlenecks during their introduction and the different selection pressures the
two populations have experienced since their introduction into the E.U. and the United States. For
example, growth rate variation in the E.U. population is narrow because this population has been
subject to intense directional or stabilising selection within the European nursery environment. Growth
rate variation in the U.S. population is broader because it has been exposed to a more heterogeneous set
of environments or selection pressures in U.S. forests. (B) That the differences reflect their prior
adaptation, before their introduction into the E.U. and United States. In other words, there may be two
different “source’ populations of P. ramorum, for example in China or wherever P. ramorum originated
(Brasier and others 2004). (C) A combination of (A) and (B) (A and B are not mutually exclusive).
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Our current view is that process A is, by far, the most likely explanation. If process B were to be
confirmed, however, we might need to reconceptualise the E.U. and U.S. population types as two
(partially reproductively isolated?) subspecies of P. ramorum, for example as P. ramorum subspecies
europaea and subspecies americana.
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Abstract

Phytophthora ramorum and P. kernoviae sp. nov are recently introduced, invasive pathogens in
woodlands in southern Britain. P. kernoviae is a newly discovered taxon, previously referred to as
Phytophthora taxon C. Both species aggressively infect foliage and shoots of understory
rhododendrons, especially Rhododendron ponticum. From there they can spread aerially to attack the
inner bark of tree stems, especially European beech (Fagus sylvatica) and some Quercus species,
causing bleeding lesions (Brasier and others 2004). Both species of Phytophthora are under
investigation as scheduled risk organisms on trees in the U.K.

Three woodlands in southwest England, with naturalized understory R. ponticum infected with P.
ramorum and P. kernoviae for several years, were investigated for possible spread of P. ramorum or P.
kernoviae. Principal components of the woodlands are European beech (F. sylvatica), European
sycamore (Acer pseudoplatanus) and Turkey oak (Quercus cerris). Minor species include holm oak (Q.
ilex), English oak (Q. robur), European chestnut (Castanea sativa), European holly (llex aquifolium)

and ornamentals, such as magnolia and rhododendron.

One hundred twenty-seven trees with 'suspicious' external stem symptoms (bleeding lesions) were
investigated for Phytophthora by isolation. Overall, 39 percent of the trees investigated yielded
Phytophthora species, with 34 percent yielding Phytophthora at site one; 35 percent at site two, and 66
percent at site three. A total of six different Phytophthora species were isolated from aerial bleeding
lesions, and in one instance a single tree yielded three different Phytophthora species. P. ramorum was
isolated from aerial stem lesions on beech, Turkey oak, horse chestnut (Aesculus hippocastanum) and
southern beech (Nothofagus obliqua). P. kernoviae was isolated frequently from beech and from an
American tulip tree (Liriodendron tulipifera). P. citricola, an established endemic, was frequently
isolated from European sycamore. As with P. ramorum and P. kernoviae, P. citricola may also have
spread from the adjacent diseased rhododendron. P ilicis, another recently invasive aerial Phytophthora,

! A version of this paper was presented at the Sudden Oak Death Second Science Symposium: The State of Our
Knowledge, January 18-21, 2005, Monterey, California.
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was obtained from stems of two Chinese Ilex species. This, in itself, is unusual as P. ilicis generally
causes lesions on leaves and small twigs, not on the main stem of holly trees. Surprisingly, P.
gonapodyides, a weak parasite and common soil inhabitant, and P. cambivora, an established endemic
collar pathogen, were also obtained from aerial bark lesions on several beech trees up to 6m (see table
1).

Because F. sylvatica is the main host infected by both P. kernoviae and P. ramorum at these sites thus
far, 25 mature (50 to 140 cm diameter) affected F. sylvatica were investigated for bark infection
processes. These included proximity to rhododendron, pattern and mode of spread within a tree, and
tree response to infection. Three trees were infected with P. ramorum, 21 with P. kernoviae, and one
with both species of Phytophthora. Aerial bark lesions, indicated by stem bleeding, ranged in size from
about 3-cm diameter fresh infections to lesions of greater than 1-m diameter, and occurred from near
ground level to 11 m. In addition, a log experiment was established to assess whether P. ramorum

zoospores could penetrate the bark of a range of tree species.

A study of the processes of local spread and infection indicated
the following:

(i) Intact beech bark can be penetrated and infected by P. ramorum zoospores, and
probably by P. kernoviae zoospores.

(i)  Close proximity to rhododendron is a major, but not universal, factor in infection with
22 of the 25 trees being within 2 m, frequently in direct contact.

(iii) Rainwater accumulation, run-off at branch forks, and sporangia carried in rain and mist
may account for the remaining infections.

(iv) Simultaneous, multiple infection of stems is occurring.
(v)  Vertical spread may occur within a tree as lesions develop.

(vi) P. ramorum and P. kernoviae can penetrate, and be recovered from, the underlying
cambium and xylem.

(vii) The tree may respond to a bark lesion by attempting to wall it off with callus.
(viii) P. kernoviae (at least) may pump water out of the xylem into the inner bark.

(ix)  Stem lesions sometimes extend 10 to 20 cm below ground level.

(X)  One of the trees was infected by P. kernoviae, P. ramorum and P. gonapodyides.

(xi) Developing lesions are frequently and rapidly invaded by unknown basidiomycetes and/or
ascomycetes.

Some other issues arising from these observations:

(1) Do the multiple infection points observed on stems of individual beech trees (also seen
on Quercus and Acer) represent multiple infections occurring during a single temporal
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event, different periods of infection, or both? Do they interact to overwhelm the trees
defenses?

How often does the observed callusing of stem lesions lead to arrest and walling off of
the lesion? Is the phenomenon seasonally related, or host genotype related? Can it be
utilized as part of a local management protocol?

Does lesion invasion by basidiomycetes mask P. ramorum/P. kernoviae symptoms for
diagnosis? Can it even act as a natural biocontrol? Does Armillaria invade and mask
primary P. ramorum or P. kernoviae lesions on lower stems, especially in more resistant
hosts?

Have the three putatively invasive species of Phytophthora at these sites (P. ramorum,
P. kernoviae and P. ilicis) been recently introduced, for example from Yunnan,
Himalayas or Taiwan by plant collectors and/or the nursery trade?

As these invasive aerial species of Phytophthora, plus several endemic species of
Phytophthora, are present at these sites, sometimes in close physical contact within the
same niche, is there an enhanced risk of interspecific hybridization between them (for
example the new hybrid pathogen P. alni)?

Is there a potential risk to other forest ecosystems? The host range of P. kernoviae and
of P. ramorum at these sites suggests other Eurasian, North American and southern
hemisphere Fagaceae and Magnoliaceae may also be at risk.

Table 1—The number of trees yielding Phytophthora species at three sites in southwest England.

P. P. P.

P. cambivora  citricola  gonapodyides  P. ilicis ramorum P. kernoviae
Acer
pseudoplatanus - 11 - - - -
Aesculus
hippocastanum - - - - 1 -
Fagus sylvatica 1 - 3 - 4 22
llex dypirina - - - 2 - -
llex kingiana - - - 1 - -
L. tulipifera - - - - - -
Nothofagus
obliqua - - - - 2 1
Querqus sp. - - - - 1 -
Querqus cerris - - - 2 -
TOTAL 1 11 2 3 9 23
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Abstract

Phytophthora ramorum and P. kernoviae are recently introduced, invasive pathogens in woodlands in
southern Britain. P. kernoviae, previously known as Phytophthora taxon C, is a newly discovered
taxon, (Brasier and others 2005), found during surveys for P. ramorum in Cornwall, southwest England
in November 2003. Both species are aggressive pathogens on foliage and shoots of understory
rhododendron, especially R. ponticum. From this infection base they can spread aerially to attack the
inner bark of tree stems, especially European beech (Fagus sylvatica) and some Quercus species,
causing bleeding lesions. (Brasier and others 2004). To date P. kernoviae has been found causing
bleeding lesions on about 50 mature F. sylvatica trees, two common European oaks, Quercus robur,
and a Liriodendron at several adjacent woodland sites. The wider international risk to trees that P.
kernoviae poses is unknown. The comparative host range and aggressiveness of P. kernoviae and P.
ramorum to bark and foliage of North American and European tree species is therefore being
investigated.

The potential host range of P. ramorum on bark of native and plantation trees in the U.K. has been
assessed previously (Brasier and others 2003; http://rapra.csl.gov.uk). The test method comprises
wound inoculating fresh cut 1.1-m long by 16 to 20-cm diameter stems at 20°C, and assessing the
comparative susceptibility of the inner bark to P. ramorum. Thirty hosts have been tested and assigned
to 'more susceptible’, 'less susceptible’ and 'resistant' categories. Tests are carried out under licence in
quarantine chambers. Comparative tests of P. ramorum versus P. kernoviae, begun in 2004, are
scheduled to continue in 2005. Present results are therefore provisional. Twenty-eight hosts have been
inoculated to date, using three isolates each of P. kernoviae and P. ramorum. F. sylvatica is being used
as a control host for most tests.

F. sylvatica fell into the 'more susceptible' category with regard to both P. kernoviae and P. ramorum.
In four tests, P. kernoviae was, on average, slightly more aggressive on F. sylvatica than P. ramorum

! A version of this paper was presented at the Sudden Oak Death Second Science Symposium: The State of Our
Knowledge, January 18-21, 2005, Monterey, California.
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(total lesion areas of 282 cm? and 242 cm?, respectively). However, there was also evidence of marked
seasonal or genetic influences on susceptibility, leading to critical threshold effects (Brasier and Kirk
2001). European chestnut, Castanea sativa, was moderately susceptible to both species. Some tree
species, including Liriodendron tulipifera, were resistant to both pathogens. Most of the other tree
species tested, whether assigned to 'more susceptible’ or 'less susceptible' categories, tended to be more
susceptible to P. ramorum than to P. kernoviae. Among these the oak species Quercus robur, Q. cerris,
Q. ilex, Q. rubra and Q. palustris were all susceptible to P. ramorum to some degree, but all these hosts
fell into the ‘resistant’ category with P. kernoviae. These tests will be repeated.

The North American tree species Q. palustris, Abies grandis and Tsuga heterophylla and the European
species Taxus baccata and Acer pseudoplatanus fell into the 'more susceptible' category in these tests
with regard to P. ramorum. In previous tests in the U.K. with P. ramorum these species were either
assigned to the 'less susceptible' category, or were not included in the tests (Brasier and others 2003).

The comparative foliage susceptibility tests involve dipping unwounded leaves of about 30 hosts in
zoospore suspensions of three isolates each of P. kernoviae and P. ramorum at 20°C.In tests to date, P.
kernoviae has been more aggressive than P. ramorum on foliage of L. tulipifera and Aesculus
hippocastanum. P. kernoviae and P. ramorum were equally aggressive on rhododendron and Magnolia
species. P. kernoviae was less aggressive than P. ramorum on all other susceptible hosts. These tests
will be repeated.

To date, field data on stem susceptibility of U.K. trees to P. ramorum and P. kernoviae in Cornwall are
fairly consistent with the above laboratory data. For example, stems of F. sylvatica have proved very
susceptible to both P. ramorum and P. kernoviae in the field. Notable exceptions at present are Q. robur
and L. tulipifera. Bark of these species were ‘resistant’ to P. kernoviae in these preliminary laboratory
tests, yet mature Q. robur and L. tulipifera have been found with bleeding stem lesions caused by P.
kernoviae in the field. These discrepancies may reflect: (1) environmental influences, such as episodes
of very high P. kernoviae inoculum levels, or varying degrees of individual tree stress, in the field, or
(2) variation in genetic resistance of individual Q. robur trees to P. kernoviae. In previous laboratory
tests, Q. robur has been shown to vary considerably in its susceptibility to P. ramorum. Most
individuals fall in the ‘less susceptible’ category but some fall in the ‘more susceptible’ category.

Also European sycamore, Acer pseudoplatanus, falls in the P. kernoviae ‘less susceptible’ category in
the laboratory tests, yet no infected individuals have been found in the field, despite heavy exposure to
the pathogen at the same Cornish sites as the affected beech. This may reflect an inability of P.
kernoviae zoospores to penetrate unwounded bark of A. pseudoplatanus.

Clarification of these discrepancies is needed to more confidently assess the wider risk that it poses to
trees in the U.K., in Europe or to trees in global ecosystems, should it escape beyond the present disease
management zones in Cornwall.

One suggested approach, in addition to conducting further laboratory tests, is to back up these tests with
well replicated field inoculation of trees of F. sylvatica, Q. robur and A. pseudoplatanus (under
regulated conditions) within part of the present P. kernoviae management zone. This could help to
validate the results of the laboratory tests, give insight into the environmental and seasonal influences
on infection processes and disease expression in the field, and provide much needed insight into the
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extent of genetic variation in resistance within each species. Infected tree bark is not presently believed
to be a significant source of P. kernoviae inoculum. Furthermore, small lesions, such as those initiated
via artificial inoculations over a few weeks, can usually be excised from trees (A. V. Brown and C. M.
Brasier, unpublished studies).
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Abstract

Phytophthora ramorum, a previously unknown pathogen, was first seen in Europe on ornamental
nursery stock in the early 1990s (Werres and others 2001). It has since been implicated in the death of
thousands of oaks (Quercus agrifolia and Q. kelloggii) and tanoaks (Lithocarpus densiflorus) in the
western United States (Rizzo and others 2002). Although populations of P. ramorum in Europe and the
United States are largely distinct from one another, the organism is considered invasive in both
locations with an operating hypothesis that it was introduced on both continents (Brasier and others
2004). It is possible that P. ramorum may have originated somewhere in Asia and was unknowingly
transported on commercial or privately collected ornamental plants. Asia is a center of diversity for
many genera of plants that are P. ramorum hosts. More specifically, northern Yunnan Province in the
People’s Republic of China has an abundance of oaks and tanoaks in a variety of forest ecosystems.
Rhododendrons and azaleas, among others, have been widely collected in this region for at least 150
years by plant enthusiasts from across the globe. Furthermore, the climatic conditions in this part of the
Province correlate well with those predicted to be favorable for P. ramorum.

The International Forestry, Forest Health Protection, and Vegetation Management and Protection
Research staffs of the Forest Service, U.S. Department of Agriculture, have been working cooperatively
with forestry officials in China over the past several years on a variety of issues related to forest insects
and pathogens. In August 2004 a small team of USDA Forest Service scientists traveled to Yunnan
Province in southwestern China to begin collaboration with scientists from the Chinese Academy of
Forestry (CAF) on projects investigating forest Phytophthora species in China with the more immediate
goal of initiating a survey specifically for the pathogen P. ramorum. International Forestry, using its
network of contacts in China, arranged for field personnel in China to assist with site identification,

visits and sampling.

We visited four forest sites where a variety of species of P. ramorum host genera occur. Three sites were
in Diging Prefecture in the vicinity of the city of Zhongdian (Shangri-la) in northwestern Yunnan
Province. Plant associations on these sites included evergreen oak (Quercus), Larix, and Picea stands

1 A version of this paper was presented at the Sudden Oak Death Second Science Symposium: The State of Our
Knowledge, January 18-21, 2005, Monterey, California.

2 USDA Forest Service, Forest Health Protection, Central Point, Oregon 97502, egoheen@fs.fed.us

% USDA Forest Service, Southern Institute of Forest Genetics, Saucier, Mississippi 39574

* Chinese Academy of Forestry, Research Institute of Forest Ecology, Environment, and Protection, Beijing,
Peoples’ Republic of China 100091
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with Rhododendron understories, evergreen oak and pine (Pinus) stands, and pine forests with
Lithocarpus species and other oak species in the understory. Sites ranged in elevation from
approximately 2000 m to 3500 m. Genera of other P. ramorum hosts were also present including
Lonicera and Rosa. We also visited a site outside of the city of Kunming in central Yunnan province.
Forests there were composed of several Quercus species with Lithocarpus species and Rhododendron
species in the understory.

We observed foliar and dieback symptoms similar to those associated with P. ramorum in the United
States and Europe on a variety of plants. Symptoms included inner bark necrosis, shepherd’s crooking
of small diameter stems and new growth, leaf tip dieback, leaf margin necrosis, and leaf spotting.
Symptomatic tissues were collected in the field, plated on CARP media in the evenings after collection,
and then transported to and processed in the CAF pathology laboratory in Beijing for sub-culturing and
DNA extraction. In Beijing, mycelium and plant tissues contained within a single plate were pooled
together and DNA was extracted using a standard CTAB-based extraction protocol. We also extracted
DNA from an additional 30 symptomatic plant tissue samples. The DNA assay performed while in
Beijing was inconclusive and DNA samples were brought back to the United States. All DNA samples
were further purified and amplified using the ITS 6 and 7 rDNA primers developed specifically for use
on Oomycetes. Out of 92 total samples, 29 samples amplified at least a single visible band based on
ethidium bromide-stained gels. Due to the manner in which samples were taken and the redundancy of
band profiles across some samples, only 19 bands from 18 samples were subject to further analysis. P.
ramorum was not immediately identified from these samples. We did find DNA sequence BLAST
search matches with Cryptococcus flavescens and Mortierella alpina for some samples. The possibility
that other Phytophthora species are involved in symptom development is currently under investigation.

The forests we visited in Yunnan Province were remarkably similar in genera, yet profoundly different
in terms of species diversity and composition relative to forests on the west coast of the United States
where P. ramorum is currently found. Symptoms similar to those caused by P. ramorum on wildland
and nursery stock target species (Quercus, Lithocarpus, Rhododendron) in the western United States, as
well as minor P. ramorum hosts (such as Lonicera, Smilacina), were abundant. While our laboratory
results were not definitive, the team sees promise for additional investigations and received an
enthusiastic response from our Chinese colleagues for continued collaboration. Further field work in
Yunnan Province may include sampling additional hosts and forest types, as well as sampling forest
soil and water. Understanding the origin of a presumably introduced pathogen, such as P. ramorum,
will help us better understand its biology, ecology, pathology, and genetics, and may lead to

management actions that minimize its impact.

114



Proceedings of the sudden oak death second science symposium: the state of our knowledge

References

Brasier, C.M.; Denman, S.; Brown, A.; and Webber, J.A. 2004. Sudden oak death (Phytophthora
ramorum) discovered on trees in Europe. Mycological Research 108(10): 1107-1110.

Rizzo, D.M.; Garbelotto, M.; Davidson, J.M.; Slaughter, G.W.; and Koike, S. 2002. Phytophthora
ramorum as the cause of extensive mortality of Quercus spp. and Lithocarpus densiflorus in
California. Plant Disease 86: 205-214.

Werres, S.; Marwitz, R.; Man in’t Veld, W.A.; deCock, A.W.A.M.; Bonants, P.J.M.; De Weerdt, M.;
Themann, K.; llieva, E.; and Baayen, R.P. 2001. Phytophthora ramorum sp. nov., a new
pathogen on Rhododendron and Viburnum. Mycological Research 105: 1155-1165.

115



Genetics

117



Does Stand Density Affect Mating System
and Population Genetic Structure in Coast
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Introduction

Coast live oak (Quercus agrifolia) is a major species at risk in the current
Phytophthora ramorum epidemic in California’s oak woodlands. To search
effectively for resistant genotypes, it is imperative to have an understanding of the
existing host population genetic structure in these forests, and how its reproductive
capacity may be affected by major losses. The purpose of our study is to assess and
guantify the distribution of genetic variation of coast live oak in central California.
To understand the factors that may limit the ability of these populations to recover,
we will compare the current mating system in relatively dense coastal populations to
open woodland populations in the interior.

To inventory the existing genetic structure, we sampled adult trees from five large,
contiguous coastal and interior populations, which provided an appropriate sample of
the species range in central California. Spatial locations of these trees were mapped,
and leaf tissue was collected for DNA extraction. The multilocus genotypes of these
individuals were identified using 13 neutral, nuclear, microsatellite markers.

Preliminary Results

Analyses using Wright’s F-statistics and Hardy-Weinberg tests revealed a global Fst
of 0.037 for the entire sampling area, suggesting high outcrossing that is typical of
oaks, and low population differentiation. When a stepwise mutational model for
microsatellite alleles is assumed, we detected heterozygote deficiency in all
populations, suggesting that, rather than evidence of a genetic bottleneck, these

L A version of this paper was presented at the Sudden Oak Death Second Science Symposium: The
State of our Knowledge, January 18-21, 2005, Monterey, California

2 Department of Environmental Science Policy and Management, University of California, Berkeley CA
94720 K_beals@berkeley.edu
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populations have been expanding in recent generations. We detected up to 23 alleles
per locus. These findings indicate that 96 percent of the molecular variance occurs
within populations, and though genetically diverse, the population structure of coast
live oak is reasonably uniform throughout this range.

Wright’s Fis estimates of single-population inbreeding revealed small, but
statistically significant, differences between the coastal and interior regions that were
sampled. Coastal populations, where stand structure is denser and contains a mixture
of species, had higher rates of inbreeding than the interior populations. The interior
populations, which exhibit higher outcrossing, are close to the limit of the species
range and may be benefiting from more open pollen flow.

Current Research

The second part of our study addresses the most recent mating between the adult
trees in these populations. We have collected acorns from the adult study trees in the
fall of 2004 and are using the same 13 markers to determine their paternity. From
these data we will estimate the proportion of effective pollen donors in each
population. Incorporating the spatial locations of the parent trees, we will estimate
the average distance of successful pollen dispersal within a stand. This information
will indicate the success of the current mating, and the ability of these stands to
recover their reproductive capacity after a reduction in their effective population size.

To follow the movement of genes via seed, we are genotyping these adult trees using
five maternally inherited chloroplast primers. This will allow us to gauge the
component of gene flow that has resulted from the distribution of acorns, in addition
to what we know about gene flow via pollen.

Conclusions

From the preliminary results of this study, we conclude that coast live oak has low
differentiation in population genetic structure throughout central California. A vast
majority of the genetic variation in this species is contained at the population level, so
searches for resistant genotypes could be limited to smaller areas of the species
distribution.

Coastal populations exhibit more inbreeding than interior populations, which may be
a result of their dense, mixed species stand structure. Pollen flow may be less
restricted in open woodland interior populations, resulting in greater outcrossing.
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Current research will provide more insight into pollen movement in these two stand
types, and the contribution that maternal seed distribution makes towards gene flow
in this species. Evaluating the current mating system of coast live oak during the
Phytophthora outbreak will help to predict the impact of adult tree mortality on the
future genetic diversity of these populations, and allow better allocation of
conservation resources.
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Abstract

The northernmost range of coast live oak (Quercus agrifolia) is reported from the Ukiah Valley
(Mendocino County, California). Here, field observations suggest that hybridization with interior live
oak (Q. wislizeni) is important. Elsewhere in northern California, morphology of coast live oak can be
highly variable (particularly foliar form) and this has commonly been attributed to “noise” from a
polymorphic species belonging to a genus renowned for its variability. This variability can be
worrisome to scientists working on sudden oak death, since it may result in confounding species in
ecological and pathogenicity studies.

To better understand the causes of this variability, within and among the major red oak species of the
coastal oak woodlands of California, we have been studying population structure and differentiation by
comparing nuclear and chloroplast DNA. The nuclear genome is bi-parentally inherited and provides
important information on population demographic processes, such as gene flow and historical
fluctuations in population size. The chloroplast genome in oaks is maternally inherited and is therefore
passed on clonally through seed from mother tree to progeny. The heavy seeds of oaks are not likely to
be widely dispersed resulting in strong population structure in chloroplast DNA that provides historical
signals of population lineages in time and space.

Our nuclear DNA studies have shown important interspecific gene flow among the three evergreen red
oaks of California (Q. agrifolia, Q. wislizeni and Q. parvula) and minor gene flow between these
species and the deciduous red oak, Q. kelloggii (Dodd and Afzal-Rafii 2004). In populations
morphologically assigned to Q. wislizeni, genetic admixture from up to three of the other red oak
species can be detected in an individual’s genotype. We have shown that admixture proportions at a
population level are well correlated with environmental conditions at that site suggesting that
introgression among species can produce genotypes that may be better adapted to the local habitat than
are pure parental genotypes. Since introgression among red oaks is important in northern California, in
the region of heavy infection from Phytophthora ramorum, we compared chloroplast DNA to
investigate possible cyto-nuclear disequilibrium that would suggest differences in the relative success
of one species as maternal or paternal parent.

1 A version of this paper was presented at the Sudden Oak Death Second Science Symposium: The State of Our
Knowledge, January 18 to 21, 2005, Monterey, California.

2 Department of ESPM-Ecosystem Sciences, University of California, Berkeley, California 94720, USA (email:
dodd@nature.berkeley.edu)

% IMEP, Université d’Aix-Marseille 111, 13397 Marseille, France
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Chloroplast DNA diversity based on six microsatellite loci was documented for 28 populations of Q.
agrifolia, including 12 from northern California (north of San Francisco Bay), eight from central
California and eight from southern California and Baja California, Mexico. As the chloroplast genome
is non-recombining, the six loci are inherited together as a single locus that we refer to as a haplotype.
A total of 27 different haplotypes were detected, including six haplotypes in northern California, seven
in central California and 14 in southern California. This higher haplotype diversity in the south,
suggests this to be a region in which coast live oaks have a longer history than in the north and may be
a refugium during the last glacial advance. We found that chloroplast haplotypes may be shared among
species, where populations occupy the same geographic range. This is particularly true for coast live
oak in northern California. The northernmost populations of coast live oak, including hybrid
populations at Hopland and Yorkville, were characterized by a single haplotype. Interestingly, this
haplotype is the only one found in interior live oak over a broad zone north from Ukiah. We conclude
that these northernmost populations of coast live oak must have an interior live oak maternal lineage.
This suggests that coast live oak has colonized this region through pollen hybridizing with interior live
oak, followed by generations of backcrossing to “regenerate” the coast live oak morphotype. Further
south, including the well-studied populations of Marin County, two or three chloroplast haplotypes
were detected including the northern interior live oak haplotype and two coast live oak haplotypes. This
indicates that these populations are of mixed species lineages through seed and pollen dispersal. We
hypothesize that coast live oak has been advancing northwards through pollen “hitchhiking” on interior
live oak and that, once established, occasional seed dispersal from more southerly populations of coast
live oak produces a population of mixed maternal lines.

Our findings on population structure of California red oaks indicate that these are not well-defined
species genetically. Ecological studies and studies of pathogenicity may need to take account of this
and that “pure” species’ habitat preferences are not necessarily appropriate in these mixed populations.
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Abstract

We developed a branch cutting inoculation method to provide a controlled system for studying
variation in response to inoculation of coast live oak (Quercus agrifolia) with Phytophthora ramorum.
This method has advantages over inoculations of trees in the field, in containing the inoculum and in
allowing high levels of replication and the possibility of time series of responses. We previously
reported significant tree-to-tree variation, with little population variation in lesion size using this
method (Dodd and others 2005). Here we report on a time series in which branch cuttings were
collected from the same trees at eight dates through a full year cycle. Branch cuttings were sampled
from 33 trees from two sites at China Camp in Marin County, California, including 18 trees from one
site that had suffered heavy mortality from this disease (Miwok Meadows) and 15 trees from a second
site that has had little infection (Chicken Coop Island).

Our inoculation experiments showed a very marked seasonal cycle in lesion size (fig. 1). The largest
lesions were produced in the spring and declined through the summer, reaching a minimum in the
August inoculation. There was an increase in response in the October inoculation to levels that were not
significantly different to those in the late spring and early summer. The large lesions produced in the
spring are at a time when cambial activity and sugar mobilization are likely to be at a maximum in this
Mediterranean climate species and could provide a very suitable environment for the pathogen. The
minimum lesion size in August is likely to coincide with very low activity of the cambium during
summer drought. The increase in lesion size in October suggests that sugars may be more important
than the size of the cambial zone in determining activity of the pathogen. At this time of year the
cambium has generally completed cell divisions and cell differentiation and is likely to be composed of
only a few cells in thickness. However, sugars may be actively transported to storage sites and possibly
for root growth in the late autumn. We propose to test whether cambial activity or sugar contents in the
phloem are correlated with seasonal activity of the pathogen in future studies.

Our inoculations confirm significant tree-to-tree variation in lesion size after inoculation that we have
reported previously. At the time of maximum response to inoculation (greatest lesion size), we detected
a five to six fold difference between the largest and smallest lesions produced. This difference fell to

1 A version of this paper was presented at the Sudden Oak Death Second Science Symposium: The State of Our
Knowledge, January 18 to 21, 2005, Monterey, California.

2 Department of ESPM-Ecosystem Sciences, University of California, Berkeley, California 94720, USA (email:
dodd@nature.berkeley.edu)
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only two fold at times during the season when the lesions produced were small. Trees were ranked
according to their lesion size at each of the harvest dates and rankings were compared across harvests.
No trees ranked equally across all harvest dates. However, in comparing rankings for the two dates in
which lesion sizes were maximum and differences among individuals were five to six fold, three
individuals ranked in the five smallest lesion size class at both dates and three trees ranked in the five
smallest lesion size class at each date. Interestingly, the three individuals with smallest lesions were all
from Miwok Meadows, the site that had suffered heavy mortality before our sampling. The three
individuals with largest lesion sizes were all from Chicken Coop Island, the site where prior infection
had been light.

The seasonal cycle in response to inoculation indicates that for comparative purposes, susceptibility
tests should be carried out at the same time during the season to avoid confounding seasonal cycles in
response. Late spring to late summer inoculations are likely to show the least seasonal variation in
response, but because of relatively small lesions, are likely to provide poor levels of detection of
differences among individuals. Lesion size varied significantly among individuals within a population,
providing support to our earlier report of probable variation among individuals of coast live oak in
response to infection with P. ramorum.
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Figure 1— Mean length of lesion on coast live oak cuttings after two weeks incubation
following inoculation with Phytophthora ramorum. Vertical bars are 95% confidence intervals

about the mean.
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Abstract

In 2003, isolates belonging to the Al mating type were reported from commercial nurseries in Oregon.
Soon thereafter, we reported the presence of both mating types of P. ramorum in nurseries in
Washington. AFLP, microsatellite, and RFLP of the Cox | region indicated the Al isolates belonged to
the European (E.U.) lineage of P. ramorum. In 2003, 33 percent of the isolates analyzed belonged to
European lineage, while the rest belonged to the North American (N.A.) lineage. Isolates belonging to
the two lineages were found in the same block of plants, and even on adjacent plants. By using tester
strains (A2 from California and Al from Oregon nurseries) we confirmed that all North American
isolates belonged to the A2 mating type, and all of the European isolates belonged to the Al mating
type. The coexistence of both mating types on adjacent plants increases the chances for sexual
recombination between these two genetically divergent lineages. Crosses with tester strains were 100
percent successful, but a very high proportion of oospores appeared to be aborted, suggesting the
mating system of P. ramorum is not perfectly functional, potentially due to the long isolation of the two
mating types. Nonetheless, a significant number of oospores appeared to be viable. In 2004, the survey
of isolates from nurseries in Washington continued. PCR-RFLP of the Cox | region and morphology of
the colony (appressed for N.A. and fluffy for E.U. isolates) indicated that 84 appressed colonies had the
E.U. RFLP pattern, while only one isolate had fluffy colony morphology and had a RFLP pattern
matching that of the E.U. lineage. Despite the sharp decrease of Al isolates in 2004, we encountered
one isolate that had fluffy colony morphology and RFLP pattern of the N.A. isolates. Out of 12
microsatellite loci analyzed for this isolate, two had alleles exclusively found in North America, two
had alleles exclusively found in Europe, one had one allele that is shared by both lineages, and seven
loci had novel alleles. AFLP analysis showed this isolate has bands typical of the N.A. lineage, bands
typical of the E.U. lineage, and a significant number of new bands. This isolate is likely to be either a
recombinant between Al and A2 or an isolate representative of a third yet unknown lineage. Mating and
phenotype of this isolate were discussed, including implications for the evolution of P. ramorum.

1 A version of this paper was presented at the Sudden Oak Death Second Science Symposium: The State of Our
Knowledge, January 18 to 21, 2005, Monterey, California.
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Introduction

To manage and control Phytophthora ramorum successfully, it is important to know the
amount of phenotypic variation within a given pathogen population. Because the pathogen has
only recently been described, there are few studies on morphological and pathological
variation of isolates from the United States. One study has compared growth rate on agar,
aggressiveness to Quercus rubra (Eastern American red oak), and developmental stability of
European and U.S. isolates. In this study, the U.S. isolates were significantly slower growing,
less aggressive, morphologically more unstable, and had a larger range in growth rates than
the European isolates (Brasier and others unpublished data; Brasier 2003; Brasier and others,
this Proceedings). However, there is no information on fungicide tolerance, spore production
or aggressiveness to hosts from the western United States to U.S. isolates. This study
examines these phenotypic characters among 12 isolates from a broad range of hosts,
locations within California and Oregon, and AFLP genotypes. We examine variation in
aggressiveness of isolate populations from California. Additionally, we determined whether
measurement of lesions on inoculated coast live oak stems is a good measure of pathogenicity.

Methods

Twelve P. ramorum isolates were used in all experiments, unless specified otherwise. These
isolates were from a broad range of hosts and locations within California and Oregon, and
AFLP genotypes (see Ivors and others 2004). For fungicide tolerance experiments, isolates
were grown on vegetable-8 juice agar (V8A) modified with 53 and 2134 _g/mL phosphite
(Agrifos 400; Agrichem, Loganholme, Qld, Australia) at 22 °C. Colony size was calculated as
a percentage of the control after 10-days growth on agar. Sporangia were produced in
Multiwell 24 well plates (Falcon, Franklin Lakes, NJ) containing 350 _L sterile water. All
sporangia were counted within the well. Oospores were produced in two separate experiments
by pairing the cultures with an Al and A2 tester isolate on separate carrot agar plates (Brasier
and others 2004). A 10-mm square was removed from each mashed paired culture and
examined under the microscope. For pathogenicity experiments, bay laurel leaves were

1 A version of this paper was presented at the Sudden Oak Death Second Science Symposium: The State of Our
Knowledge, January 18 to 21, 2005, Monterey, California.
2 ESPM-ES, University of California, Berkeley, CA 94720 (email: dhuberli@nature.berkeley.edu)
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inoculated with zoospores (Huberli and others 2003) and coast live oak seedlings were
inoculated with agar discs (Dodd and others 2004). Each inoculation was repeated once.
Forty-five isolates from three different counties in California were used to inoculate coast live
oak seedlings. Stems from four coast live oak trees were inoculated with three isolates as
described in Dodd and others(2004). Small sections (0, 0.5, 1.5, 2 and 3 cm from beyond both
sides of the longitudinal lesion) were plated onto P;,ARP.

Results and Discussion

There was large and significant (P < 0.001) isolate variation in all morphological and
pathological phenotypes examined (table 1). A significant positive correlation (r = 0.89, P <
0.001) between lesions on bay laurel and coast live oak was found. Two low and three highly
aggressive isolates were identified for both hosts. No other linear correlations were found
between different phenotypes measured. However, the two low aggressive isolates produced
low concentrations of sporangia, and vice versa for the highly aggressive isolates. All three
highly aggressive isolates were able to grow on the highest concentration of phosphite. One
highly aggressive isolate was identified as having high fungicide tolerance, and produced
abundant sporangia and oospores. It is these types of isolates that need to be used in control
studies, host resistance screening and recombination analysis.

Inoculation of coast live oak seedlings with 45 isolates from three populations (Santa Cruz,
Sonoma and Monterey Counties) in California revealed that Santa Cruz isolates were more
pathogenic than those from the other two counties. In these inoculations, Pr-102 and Pr-52
routinely used in coast live oak (Dodd and others 2004) and bay laurel (Meshriy and others,
this Proceedings) inoculations were low to moderately highly aggressive. Hosts identified as
being less susceptible with these two isolates need to be screened against a range of highly
aggressive isolates to confirm if they are robustly resistant. Population variation in a range of
other phenotypes is currently being investigated.

We observed that after removal of the bark from coast live oak stems, recovery beyond
macroscopically visible lesions is minimal for P. ramorum (fig. 1). The recovery of the
pathogen from apparently beyond the lesion (2 cm for 2 percent of stems) is explained by
some stems producing lesions that are diffuse with non-defined lesion margins. This is in
contrast to what has been found for P. cinnamomi where the pathogen has been recovered
from beyond well-defined lesions of between 3 to 6 cm or more (Hiiberli and others 2002a, b).
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Table 1—Mean isolate range and P-values for different morphological and pathological phenotypes of
12 isolates of Phytophthora ramorum from California and Oregon.

Phenotype Isolate range P value

Growth on phosphorus acid (% of control) at:

53 _g/mL V8A*® 50-92 <0.001

2134 g/mL V8A 0, 10-22 <0.001
Sporangia production (no./mL) 205-8863 <0.001
Oospore production 0, + - +++° NA
Bay laurel lesion area (mm?) 0,1-31 <0.001
Coast live oak lesion length (mm) 19-52 <0.001

*V8A, vegetable-8 juice agar
® Numbers of oospores observed within a 10-mm square of the carrot agar directly beneath the mashed
paired isolates; + = few oospores, +++ = many oospores

Region of inoculation Stem

Lesion

2 130 321 5
0 2 12 95 98 93 13 2 0 %RECOVERY

Figure 1—Recovery (percent of 60 stems) of Phytophthora ramorum on Phytophthora-
selective agar medium (P10ARP) from beyond a well-defined, visible lesion of a wound
inoculated Quercus agrifolia (coast live oak) stem.
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Introduction

The genus Phytophthora comprises over 70 described species, however many new species
have been reported recently as a result of the discovery of previously undetected species or by
the hybridization of known species. Phytophthora ramorum, one of the new Phytophthora
species, is considered a high phytosanitary risk because it is currently responsible for large-
scale oak mortality in coastal California forests. In Europe, the disease occurs mainly in
nurseries on Rhododendron, Viburnum and Camellia. However, in landscapes, infected trees
of Quercus rubra, Q falcata, Q. ilex, Aesculus hippocastanum and Fagus sylvatica were
reported recently on sites previously identified with infected Rhododendron plants. In
addition, numerous nurseries in the U. S. have recently been diagnosed with infected
Rhododendron and Camellia spp.

P. ramorum is a heterothallic species and is known to exist as two distinct populations in
California/Oregon (U.S. type) and Europe (E.U. type), respectively. In Europe, almost
exclusively Al mating type isolates have been found, while in the United States A2 type
isolates are most often identified. A single A2 isolate was found in Europe and recently
several Al isolates were identified in nurseries in the United States.

Measures are in force to prevent spread of this pathogen, as well as to prevent co-existence of
both types. Therefore, adequate detection and identification methods are urgently needed.

Several molecular techniques have been developed for detection and characterization of this
new species of Phytophthora. Molecular differences between U.S.- and E.U.-isolates of P.
ramorum exist and can be demonstrated with the techniques at hand. Data thus far obtained of
isolates from throughout Europe and from the United States will be discussed.

1 A version of this paper was presented at the Sudden Oak Death Second Science Symposium: The State of Our
Knowledge, January 18 to 21, 2005, Monterey, California

2 plant Research International, P.O. Box 16, NL-6700 AA Wageningen, The Netherlands. peter.bonants@wur.nl

3 Research Institute of Pomology and Floriculture, Skierniewice, Poland

* Department of Plant Pathology, North Carolina State University, Mountain Hort. Crops Research & Extension
Center, 455 Research Drive. Fletcher, NC 28732, USA
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Results
For identification of P. ramorum several methods have been used:
AFLP: Amplified Fragment Length Polymorphism

This method consists of digesting genomic DNA with two restriction enzymes (a rare and a
frequent cutter), ligation of adapters to the restriction fragments and two rounds of
amplification: the first round using primers of the adapter sequence, which amplify all
restriction fragments, and a second round using a specific amplification of a subset of
restriction fragments using extra selective bases in the primers. One of the second round
primers is fluorescently labeled; therefore, running the amplicons on a sequencing system will
generate a DNA fingerprint pattern. Relatedness of isolates or species can be seen by scoring
the number of identical and unique bands; these data can be presented in a dendogram. Large
numbers of P. ramorum isolates have been analyzed with AFLP (lvors and others 2004).
Results show two clusters, with E.U. isolates and U.S. isolates grouping separately. A1 mating
type isolates from the U.S. and the E.U. A2 mating type isolate cluster within the E.U. clade.

ISSR: Inter Simple Sequence Repeats

ISSR is a technique that uses primers to amplify regions between two microsatellites utilizing
PCR. Microsatellites are Simple Sequence Repeats (SSR) occurring in the genome of many
organisms (e.g. (AG), or (CTG); ). Several primers were tested on two E.U. and two U.S.
isolates. Many E.U. and U.S. isolates of P. ramorum were then screened with polymorphic
primers Although differences were identified between E.U. and U.S. populations,
polymorphisms were not identified within each population with this technique.
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Microsatellites (SSR: Simple Sequence Repeats)

Using the whole genome sequence of P. ramorum, SSR techniques were used for
fingerprinting large numbers of P. ramorum isolates originating from different host species
within Europe and the United States. Using a computer program developed at Plant Research
International, 1334 potential microsatellite loci were identified. Primers were selected from
over 110 flanking regions of SSRs and tested in PCR reactions to amplify repeats. Thirty-one
polymorphic loci were identified and 14 primer sets were optimized for isolate genotyping.
Many loci showed variation between the E.U. and U.S. populations. Minor variation was
found within the E.U. populations and even less variation within the U.S. population. This
information provided insight regarding the amounts of genetic variation within populations,
identified new genotypes, and separated isolates into two distinct lineages correlated with
continental provenance. Comprehensive data will be published soon (lvors and others 2006).

Sequence analysis of several genes

In a recent study several genes of numerous Phytophthora species were sequenced (Kroon and
others 2004). R-tubulin and elongation factor 1_ as nuclear genes and NADH dehydrogenase |
and Cox1 as mitochondrial genes were sequenced and phylogenetic trees were generated.
Results show a close relationship between P. ramorum and P. lateralis.

For detection of P. ramorum, several other methods can be used:
ITS-PCR

ITS regions of the rDNA have been sequenced for many Phytophthora isolates. PCR-based
detection methods using primers derived from those sequences have been developed for many
Phytophthora species. PCR primers for P. ramorum have been developed and validated in this
way. Detection of the pathogen in plant, water and soil samples has been successful.

TagMan® PCR (also known as real-time PCR)

A TagMan® probe has been developed based upon the ITS sequence (Ivors and Garbelotto
2002). A TagMan probe is a probe with two fluorescent labels that can be used in PCR for
real time analysis. In this way, quantification of the pathogen in infected material can be
estimated.

137



GENERAL TECHNICAL REPORT PSW-GTR-196

PCR-RFLP

A single nucleotide difference in the Cox 1 gene has been observed between E.U. and U.S.
isolates of P. ramorum. This single nucleotide polymorphism (SNP) exists at an Apol
restriction site. Based on this SNP, a PCR-RFLP method was developed to distinguish
between E.U. and U.S. isolates of P. ramorum. This test can also be used on infected material
(in planta) without a pure culture isolate.
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Molecular Detection of Phytophthora ramorum
by Real-Time PCR Using Tagman, SYBR®Green
and Molecular Beacons with Three Genes®

G.J. Bilodeau?, C.A. Lévesque®, A.W.A.M. de Cock®, C. Duchaine® G.
Kristjansson®, and R.C. Hamelin?
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Abstract

Sudden oak death, caused by Phytophthora ramorum, is a severe disease that can affect numerous
species of trees and shrubs. This pathogen has been spread via nursery stock, and quarantine measures
are currently in place to prevent further spread. Molecular assays have been developed to rapidly detect
and identify P. ramorum, but one difficulty encountered with some of these assays is the inability to
reliably distinguish between P. ramorum and closely related species. To increase redundancy and
therefore confidence, R-tubulin and elicitin regions from a collection of Phytophthora species were
sequenced and searched for single nucleotide polymorphisms (SNPs). New assays were designed based
on internal transcribed spacer (ITS) sequences as well as new B-tubulin and elicitin sequences. Primers
specific to P. ramorum were designed to amplify a 171-bp fragment of R-tubulin and these were used in
a real-time PCR assay in conjunction with molecular beacons, Tagman probes and SYBR®Green, to
compare the three reporter systems. The best performing system (Tagman probes) was also used to
compare the three DNA regions. The real-time PCR assays differentiated P. ramorum from the 65
Phytophthora species tested, including P. lateralis. The assays were also used with DNA extracted
from plants infected with P. ramorum. Overall, ITS and elicitin Tagman assays had the best
combination of sensitivity and specificity. Intra-specific polymorphisms were also discovered in R3-
tubulin and CBEL (cellulose binding elicitor lectin). Allele specific oligonucleotide (ASO) assays were
developed for real-time PCR with SYBR®Green to distinguish between North American and European
P. ramorum. These markers, used with Belgium samples possessing the two mating types, occurred in
isolates with different DNA backgrounds. With the availability of the P. ramorum genome, more genes
were analysed for polymorphisms. Multiple intraspecific and interspecific polymorphisms were found
in most genes assayed by sequencing. We have sequenced 12 genes with polymorphisms and
discovered 61 new SNP markers. The combination of SNP polymorphisms of an organism can provide

1 A version of this paper was presented at the Sudden Oak Death Second Science Symposium: The State of Our
Knowledge, January 18 to 21, 2005, Monterey, California.
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a fingerprint or a biological barcode that uniquely identifies an individual. Using these 61 SNPs we
found that isolates from Holland and Belgium had identical DNA profiles to samples from British
Columbia (B.C.) isolated in 2003, but that profile was distinct from those found in the California
isolates at all 61 SNPs. However, isolates from B.C. discovered in 2004 had a DNA profile that
matched 100% with DNA profiles of the California isolates. Genotyping assays are currently being
developed to allow simultaneous diagnosis at the species level, as well as for multilocus fingerprinting
of individuals. This should be a useful tool in understanding the origin and migration of P. ramorum.
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Using Single Strand Conformational
Polymorphisms (SSCP) to Identify Phytophthora
Species in Oregon Forests Affected by Sudden

Oak Death®
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Introduction

Phytophthora species are abundant in streams, widespread in soils and occasionally found in
diseased plants in the tanoak forests of southwestern Oregon. It is time-consuming and
expensive to identify hundreds of isolates to species using morphology or internal transribed
spacer (ITS) sequencing. We modified a published Phytophthora single strand conformation
polymorphism (SSCP) protocol (Kong and others 2003) to use fluorescent-labeling chemistry
and an additional marker locus to allow quantitative matching of unknown isolates.

Methods

The ITS1 region of rDNA was amplified with primers 1TS6 and ITS7 (Cooke and others
2000) labeled with fluorescent HEX and FAM, respectively, yielding approximately a 300-bp
product. The mitochondrial COX gene spacer region (Martin and Tooley 2003) was amplified
with primers FMPh8 and FMPh10 labeled with fluorescent HEX and FAM, respectively,
yielding approximately a 500-bp product. Amplified products were mixed with formamide
and ROX 500 marker, heated to 95 °C for 3 minutes and cooled in ice for 5 minutes. Samples
were run on an ABI 3100 Capillary Sequencer with a 36-cm array and 4 percent GeneScan
polymer, with 10 percent glycerol, and 1X TBE, at 25°C. Fluorescence was analyzed with
GeneScan 3.7 and electrophoretic mobility reported as scan number.

Results

Electropherograms generated by GeneScan typically revealed one peak for the forward strand
and one peak for the reverse strand in both ITS1 and COX gene spacer regions. All reference

1 A version of this paper was presented at the Sudden Oak Death Second Science Symposium: The State of Our
Knowledge, January 18 to 21, 2005, Monterey, California

2 Department of Botany and Plant Pathology, Oregon State University, Corvallis, Oregon USA 97331,

® Subarctic Research Unit, Agricultural Research Service, U.S. Department of Agriculture, Fairbanks, AK USA
99775
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isolates were well separated, except when comparing the closely related P. cambivora and P.
europaea. Repeat analysis of references showed good repeatability.

We drew a blind sample of 54 unknowns from a larger collection of isolates from streams, soil
and plants, and ran a preliminary test with 16 reference Phytophthora species, chosen for their
perceived relevance to the sampling region. The sixteen references consisted of P. cambivora,
P. citricola, P. citrophthora, P. europaea, P. fragariae, P. gonapodyides, P. hibernalis, P.
ilicis, P. lateralis, P. megasperma, P. nemorosa, P. pseudosyringae, P. psychrophila, P.
ramorum, P. syringae and P. taxon ‘Pg chlamydo.” SSCP separated the 54 unknowns into 11
distinct groups. Five isolates matched taxon ‘Pg chlamydo,” six isolates matched P.
nemorosa, 22 isolates matched P. gonapodyides, and one isolate matched P. ramorum. The
remaining seven unmatched groups suggest a large diversity of Phytophthora species in
natural environments. Four isolates from one unique group have been characterized by ITS
sequence and culture morphology, and appear to be a new species of Phytophthora. Several
of the unknown isolates from stream samples were identified as P. nemorosa, previously
known only from tanoak cankers in our area.
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Application of Rapid Onsite PCR (TagMan®) for
Phytophthora ramorum Under U.S. Conditions'
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Abstract

Currently, diagnosis of Phytophthora ramorum involves sending samples to a laboratory for traditional
isolation and morphological characterisation, and/or PCR analysis. This can take as long as 2 weeks
from sampling to final diagnosis. However, the Plant Health Group, Central Science Laboratory, has
produced on-site DNA extraction and real-time PCR (TagMan®) methods, which use field-stable
reagents for diagnosis of symptomatic infections of P. ramorum, in under 2 hours (Tomlinson and
others, 2005). In March 2004 this method was evaluated, with the help of the University of California,
Berkeley and the USDA Forest Service, on leaf and stem samples from 21 plant species collected from
four sites in the vicinity of San Francisco, California. DNA was extracted from each sample using a
Bio-Nobile QuickPick™ plant kit and added to a TagMan® reaction mix developed for on-site use. This
contained reagents for specific amplification of P. ramorum DNA and a universal plant gene
(cytochrome oxidase (COX), used as an internal reaction control). Each sample was subjected to
thermal cycling in a Cepheid SmartCycler® and the real-time data from these reactions interpreted. The
majority of testing was performed at the University of California, Berkeley, for logistical reasons.
However, on one day, samples were tested in the field at China Camp State Park using the complete on-
site protocol in less than 2 hours, confirming this protocol can be performed independent of all
laboratory support. At the University of California, Berkeley, plant material was plated out onto a
Phytophthora-specific media (PARP) for comparative purposes to determine the presence of P.
ramorum in each sample. COX amplification was achieved for all 21 host species with P. ramorum
being detected by TagMan® and isolation from leaf samples of tanoak, Douglas-fir, honeysuckle and
bay laurel. P. ramorum was also identified by TagMan® from stem samples of madrone, Shreve’s oak,
tanoak, redwood and Douglas-fir, but only isolated from madrone and tanoak. This study showed that
real-time PCR diagnosis of P. ramorum can be performed on-site in under 2 hours on symptomatic
stem and leaf material. This protocol will be further developed in the E.U. Portcheck project that aims
to develop on-site methods for diagnosis of E.U. plant pathogens at national inspection points. Its use
for on-site asymptomatic detection for P. ramorum is also underway.

1 A version of this paper was presented at the Sudden Oak Death Second Science Symposium: The State of Our
Knowledge, January 18 to 21, 2005, Monterey, California.
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Use of Microsatellite Markers Derived From
Whole Genome Sequence Data for Identifying
Polymorphism in Phytophthora ramorum®*
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Abstract

Investigating the population genetics of Phytophthora ramorum, the causal agent of sudden oak death
(SOD), is critical to understanding the biology and epidemiology of this important phytopathogen. Raw
sequence data (445,000 reads) of P. ramorum was provided by the Joint Genome Institute. Our
objective was to develop and utilize Simple Sequence Repeat (SSR) techniques for fingerprinting large
numbers of P. ramorum isolates originating from different host species within Europe and the United
States. Using a computer program developed at Plant Research International, 1334 potential
microsatellite loci were identified. Primers were selected from over 110 flanking regions of SSRs and
tested in PCR reactions to amplify repeats. Thirty-one polymorphic loci were identified and 14 primer
sets were optimized for isolate genotyping. Three loci showed variation among nursery isolates from
Europe and the United States, although no variation was identified among isolates from forests in the
United States. This information provided insight regarding genetic variation within populations,
identified new genotypes, and separated isolates into two distinct lineages correlated with continental

provenances.

Key words: microsatellites, Phytophthora ramorum, polymorphism
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Single-Strand Conformation Polymorphism
Analysis of Ribosomal DNA for Detection of
Phytophthora ramorum Directly From
Plant Tissues®

Ping Kong?, Patricia A. Richardson? Chuanxue Hong? and Thomas L.
Kubisiak®

Abstract

At the first Sudden Oak Death Science Symposium, we reported on the use of a single strand
conformation polymorphism (SSCP) analysis for rapid identification of Phytophthora ramorum in
culture. We have since assessed and improved the fingerprinting technique for detecting this pathogen
directly from plant tissues. The improved SSCP protocol uses a single run PCR reaction with the same
primer pair (ITS6/7) and consistently detects P. ramorum at 10 fg per reaction or above. It provides
reliable diagnoses of P. ramorum, whether it is a single infection or dual infection (a second
Phytophthora species involved). This technique also can provide accurate diagnoses of diseases caused
by 12 other species of Phytophthora without additional work. These species (P. cactorum, P.
cambivora, P. cinnamomi, P. cryptogea, P. citricola, P. citrophthora, P. gonapodyides, P. lateralis, P.
megasperma, P. nemorosa, P. nicotianae and P. pseudosyringae) are common in ornamental plant and
forest tree nurseries, as well as in natural forested environments. The through-put capacity of this
technique can be greatly improved by use of fluorescence-based technologies, such as those common to
most commercially available DNA sequencers. This study provides an alternative protocol with
increased detection scope and accuracy, at a reduced cost, for future surveys of nurseries, parks and
forests for Phytophthora species.

Key words: Phytophthora ramorum, single strand conformation polymorphism, sudden oak
death
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Introduction

In California and Oregon, Phytophthora ramorum has an overlapping host and geographic
range with two newly described homothallic Phytophthora species, P. nemorosa and P.
pseudosyringae. P. nemorosa alone causes symptoms similar to those of P. ramorum,
including lethal tanoak cankers, and P. pseudosyringae is associated with oak decline in
Europe. However, epidemiological observations, namely broader geographic distribution and
reduced virulence, suggest P. nemorosa and P. pseudosyringae are endemic in this region,
while P. ramorum is hypothesized to have been introduced. Though molecular evidence
suggests that P. nemorosa and P. pseudosyringae are each other’s closest known relatives,
both are rather distantly related to P. ramorum. Little is known about the characteristics of
these newly described forest pathogens; however, the two putative endemic Phytophthora
species can apparently share the same niche as P. ramorum and may affect P. ramorum
disease epidemiology. Understanding their genetic structure, then, may contribute to
understanding the range of potential interactions and outcomes during infection by these
Phytophthora species. Our aim is a preliminary assessment of the genetic structure of P.
nemorosa and P. pseudosyringae in western North America using Amplified Fragment Length
Polymorphism (AFLP) genetic markers.

Materials and Methods

We analyzed 38 P. nemorosa and 29 P. pseudosyringae isolates selected from throughout
most of their known host and geographic ranges in the western United States and included one
P. ilicis isolate for use as an outgroup. Distribution of the isolates was rather continuous

1 A version of this paper was presented at the Sudden Oak Death Second Science Symposium: The State of Our
Knowledge, January 18 to 21, 2005, Monterey, California

2 Department of Environmental Science, Policy and Management — Ecosystem Science, University of California,
Berkeley, Berkeley, California 94720; corresponding author Matteo Garbelotto: matteo@nature.berkeley.edu
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through the west coast of California and Oregon, excepting one P. nemorosa and two P.
pseudosyringae isolates from Mariposa County, CA. For each isolate, total genomic DNA
was extracted from 10 to 20 mg freeze-dried mycelium using the Puregene DNA extraction kit
(Gentra, Minneapolis, MN). AFLP reactions were performed as in Ivors and others. (2004).
We screened a total of 18 primer pairs for each species, selecting from among them six
informative primer pairs for P. nemorosa and four for P. pseudosyringae. As there was only
partial overlap between the informative primer pairs for each species, we included two isolates
of P. nemorosa in the analysis of the full P. pseudosyringae dataset, along with P. ilicis, to
function as outgroups, and vice versa for the full P. nemorosa analysis. The AFLP procedure
was replicated for 10 percent of isolates in this preliminary work. Data analysis was
performed as in Ivors and others (2004). To assess the degree of genetic similarity between
each isolate and all of the others, we calculated a distance matrix for each species using the
Jaccard coefficient of similarity, which measures the proportion of shared AFLP markers in a
pairwise fashion, while correcting for the dominant nature of the data. We then constructed a
neighbor-joining dendrogram for P. nemorosa and one for P. pseudosyringae; outgroups used
in the dendrograms were as above.

Results

We scored 214 AFLP bands for P. nemorosa, 20 of which (10.7 percent) were polymorphic,
and identified a total of 12 distinct AFLP genotypes among the 38 P. nemorosa isolates. Our
measure of degree of genetic similarity, Jaccard similarity coefficients (S;), fell between 0.941
and 1.000 (0.990 + 0.011; mean £ SD) for P. nemorosa isolates — a score of 1.0 is equivalent
to 100 percent identity. Over 50 percent of the pairwise comparisons showed 100 percent
genetic similarity between isolates. There was no evidence of partitioning by host or by area
of origin of the isolates based upon the branching pattern of the neighbor-joining dendrogram
(tree not shown). We scored 198 AFLP bands for P. pseudosyringae, 20 of which (9.9
percent) were polymorphic, and identified 13 distinct AFLP genotypes among the 29 P.
pseudosyringae isolates. The range of S, values was 0.953 to 1.000 (0.987 + 0.011; mean *
SD), with only about 20 percent of the pairwise comparisons yielding 100 percent similarity
values within P. pseudosyringae isolates. As with P. nemorosa, the neighbor-joining
dendrogram yielded no evidence of partitioning of the genetic variation by host or area of
isolate origin (tree not shown).

Discussion

In our preliminary assessment of the genetic structure and diversity of both P. nemorosa and
P. pseudosyringae from the west coast of the United States, we found extremely high levels of
within-species genetic similarity and no evidence of partitioning of genetic diversity based
upon the host or site from which study isolates were collected, including those from the
isolated site in Mariposa county. The degree of genetic similarity is comparable to that found
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in a similar study carried out for P. ramorum, in which the North American population is
dominated by a single clone genotype with a few rare, but highly genetically similar, variants
(lvors and others 2004). While this lack of genetic diversity is unsurprising for the putatively
non-native P. ramorum, as exotic species often undergo a population genetic bottleneck upon
introduction to a new area, it is somewhat unexpected for a native organism. Therefore, our
results for P. nemorosa and P. pseudosyringae are consistent with the hypothesis of recent, or
relatively recent in the context of evolutionary time, introductions. However, there is a
scarcity of studies on the genetic structure and diversity of homothallic, endemic
Phytophthora species outside of the intense, artificial selection regimen of agriculture. These
Phytophthora species may be endemic, and the low amount of genetic variation and lack of
structure in the variation present may be due to self-compatible sexual reproduction. Also, the
AFLP primers chosen may have had insufficient resolution to detect existing genetic
variation. To assist us in distinguishing between these hypotheses, we will repeat and fully
replicate this preliminary study using more isolates, expanding the host and geographic ranges
covered, and including multiple European P. pseudosyringae isolates.
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Molecular Markers for Identification of P.
ramorum and Other Phytophthora species From
Diseased Tissue’
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Abstract

Molecular techniques have been developed for detection and identification of P. ramorum and other
Phytophthora species that are based on the mitochondrially encoded sequences. One technique uses a
Phytophthora genus specific primer to determine if a Phytophthora species is present, followed by a
nested amplification with species-specific primers to determine if the pathogen is P. ramorum or one of
several other species (such as P. nemorosa or P. pseudosyringe). This procedure also uses a plant
primer pair to serve as a positive control ensuring the ability of the template DNA to amplify. These
species-specific and plant markers have been modified for use with real-time PCR. A second technique
relies on RFLP analysis of the Cox I and 11 gene cluster to identify isolates of Phytophthora to a species
level.
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Introduction

The use of molecular methods for detection of plant pathogens can reduce the time required to
process samples, as well as improve the accuracy of pathogen identification. Rather than focus
on identifying a single species, methods that focus first on identification at the genus level,
followed by a nested species-specific detection, could facilitate identification of a broader
number of pathogens. For example, while P. ramorum is the causal agent of sudden oak death,
other species can be recovered from forest samples exhibiting similar symptoms. The
diversity of Phytophthora species recovered from nursery samples that cause symptoms
similar to P. ramorum would be even greater. Having a marker system that would first
accurately determine if a Phytophthora species was present, and then allow identification to a
species level, would simplify sample processing, as well as provide additional data on the
diversity of Phytophthora species present on the hosts under investigation.

1 A version of this paper was presented at the Sudden Oak Death Second Science Symposium: The State of Our
Knowledge, January 18 to 21, 2005, Monterey, California

2 USDA-ARS, 1636 E. Alisal St., Salinas, CA, fmartin@pw.ars.usda.gov, (corresponding author)

% USDA-ARS, Foreign Disease & Weed Science Unit, 1301 Ditto Ave., Fort Detrick, MD

153


mailto:fmartin@pw.ars.usda.gov

GENERAL TECHNICAL REPORT PSW-GTR-196

Species-specific PCR Detection

A PCR detection system has been developed that is based on amplification of the spacer
region between the mitochondrially encoded Cox | and Il genes of Phytophthora using genus-
specific primers from the conserved regions of the flanking genes (Martin and others 2004).
The first round, multiplex amplification contained two primer pairs, one for amplification of
plant sequences to serve as an internal, positive control to ensure that extracted DNA was of
sufficient quality to allow for PCR amplification, and a second primer pair specific for
amplification of sequences from Phytophthora species. The products of the first round
amplification were amplified with a nested primer pair that was specific for either P.
ramorum, P. nemorosa or P. pseudosyringae. Using purified pathogen DNA, the limit of
detection for P. ramorum using this marker system was approximately 2.0 fg of total DNA.
However, when this DNA was spiked with DNA from healthy plant tissue extracted with a
commercial miniprep procedure, the sensitivity of detection was reduced by 100- to 1000-
fold. This was dependent on the plant species and suggests that the techniques used for DNA
extraction did not remove all PCR inhibitors. Using a dilution series of purified DNA from P.
ramorum the nested mitochondrial marker system was found to have a level of sensitivity
comparable to the nested ITS marker system (Garbelotto and others 2002). This marker
system was validated with DNA extracted from naturally infected plant samples collected in
the field by comparing the sequence of the Phytophthora genus-specific amplicon,
morphological identification of cultures recovered from the same lesions, and for P. ramorum,
amplification with a previously published rDNA ITS species-specific primer pair. Results
were compared and validated with three different brands of thermalcyclers in two different
laboratories to provide information about how the described PCR assay performs under
different laboratory conditions. The specificity of the Phytophthora genus-specific primers
suggests they will have utility for pathogen detection in other Phytophthora pathosystems, and
the variability encountered in the spacer regions should be useful for constructing additional
species-specific primers (markers have been developed for five additional species). More
recent work has demonstrated that RFLP analysis of the genus-specific amplicons can be used
for identification of unknown isolates (Martin, unpublished). The plant primers and species-
specific primers for P. ramorum and P. pseudosyringae from this marker system also have
been adopted for use with TagMan real-time PCR (Tooley and others 2004 and unpublished).
Conditions for multiplexed amplification with the plant, P. ramorum, and P. pseudosyringae
primers have been identified and additional work to add P. nemorosa to this multiplexed
amplification is in progress.

Identification of Phytophthora spp. to Species Level by RFLP
Analysis

A RFLP method has been developed for identification of Phytophthora species based on PCR
amplification of a region spanning the mitochondrially encoded Cox I and Il genes (Martin
and Tooley 2004). Of the 24 species where multiple isolates were examined, intraspecific
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polymorphisms were not observed for 16 species, while five species exhibited limited
intraspecific polymorphism that could be explained by the addition/loss of a single restriction
site. Intraspecific polymorphisms were observed for three species; however, these differences
may be a reflection of the variation that has been reported in the literature. The use of the
computer program BioNumerics simplified data analysis and identification of isolates.
Successful template amplification was obtained with DNA recovered from hyphae using a
boiling miniprep procedure, thereby reducing the time and materials needed for conducting
this analysis. While the primers were capable of amplifying target DNA from 300 isolates of
31 species in the genus Phytophthora tested at the time of publication, additional testing has
identified several species that do not amplify. Work is currently in progress to develop
primers to amplify all Phytophthora species, but not plant DNA, to enable their use for
amplification directly from diseased tissue (Martin, unpublished). Additional details on these
marker systems can be found at http://www.ars.usda.gov/Research/docs.htm?docid=8728.
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Abstract

A draft genome sequence has been determined for Phytophthora ramorum, together with a draft
sequence of the soybean pathogen Phytophthora sojae. The P. ramorum genome was sequenced to a
depth of 7-fold coverage, while the P. sojae genome was sequenced to a depth of 9-fold coverage. The
genome size of P. ramorum was estimated to be significantly smaller than that of P. sojae, 65 Mb
compared to 95 Mb, with the difference lying primarily in the amount of repetitive sequences in the P.
sojae genome. Computer predictions estimate the number of genes in P. ramorum to be 15,743, while
19,027 are predicted for P. sojae. Most of the differences in gene number result from larger multigene
families in P. sojae. Six hundred twenty four genes were predicted to be unique to P. ramorum, while
1755 were predicted to be unique to P. sojae. The generally high level of similarity of most P. ramorum
and P. sojae genes predicts that, in general, chemical treatments developed for other Phytophthora
species should also be effective against P. ramorum. The small size of the P. ramorum genome and
lack of extensive numbers of duplicated chromosomal segments effectively eliminates the hypothesis
that P. ramorum is a recent hybrid between two other Phytophthora species. The two Phytophthora
genome sequences are available at http://genome.jgi-psf.org/ and http://phytophthora.vbi.vt.edu.

A critical need in understanding the epidemiology of P. ramorum is the need to be able to distinguish
different genetic individuals of P. ramorum so that patterns of spread can be traced. However, very
little genetic variation can be detected in P. ramorum isolates from the United States, using
conventional techniques such as AFLPs (lvors and others 2004), presumably because most of the
population has derived clonally from a single introduction or a small number of introductions of closely
related strains. The P. ramoru