Diagnosis of Root-infecting
Phytophthora spp.
Christer H. B. Olsson
Plant Pathology and Biological Control Unit
Uppsala

Doctoral thesis
Swedish University of Agricultural Sciences

Uppsala 1999
Acta Universitatis Agriculturae Sueciae
Agraria 161

ISSN 1401-6249
ISBN 91-576-5483-2
© 1999 Christer H. B Olsson, Uppsa1a
Tryck: SLU Service/Repro, Uppsa1a 1999

I
Ii
1

I

Abstract
Olsson, C.H.B. 1999. Diagnosis
Doctor's dissertation.
ISSN 1401-6249,

of root-infecting

Phytophthora

spp.

ISBN 91-576-5483-2

Plant diseases caused by Phytophthora species are of great economic importance
worldwide and ranked among the most serious diseases in certain crops such as
raspberry and strawberry. A few of the Phytophthora diseases are air-born, like
the well-known potato early blight (P. infestans), but most are soil-born and
infect plant roots. A prerequisite for effective control of these as well as other
plant diseases is a reliable diagnosis of the causal agents, which can be vitally
important for the detection of infections in seeds or other propagation material
and for preventing spread of soil-borne pathogens. The classical diagnosis
methods of reading symptoms, isolating the pathogens and identifying the purecultured agents with respect to morphology, growth rate and nutritional
requirements, although still needed, have largely been replaced by less timeconsuming and more reliable methods. However, these are seldom acceptable for
routine diagnosis without careful evaluation.
In this investigation a number of diagnostic and identification methods were
tested for feasibility in routine diagnosis of Phytophthora infections in plant
material, especially propagation material of raspberry and strawberry. An
improved DAS ELISA technique suitable for mass testing of plant material and
excellent for discriminating between samples from diseased and healthy plants
was developed. In this method the plant compounds interfering with ELISA
readings were adsorbed to polymers during extraction, then separated by
filtration at slow rate, and finally the ELISA wells were pre-blocked with non-fat
dry milk. Also, in testing isozymal electrophoresis on cellulose acetate gels, good
separation of pure-cultured Phytophthora species and varieties was obtained.
This method was found feasible for fast and easy identification of Phytophthora
isolates. Its sensitivity was found comparable to DNA-based methods using peR.
These methods have been used to diagnose the alder Phytophthora disease, which
was only recently detected in Sweden. The relationships between a number of
Swedish alder Phytophthora isolates were assessed, including some British alder
isolates and P. cambivora IP. fragariae var. fragariae. Two distinct isozyme
groups were recorded within the alder isolates.
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1.

Background

As humans we are totally dependent upon plant cultivation for several
needs, including food, animal feeds, fibres, and construction material.
However, man and his domestic animals are not the only living organisms
that depend and feed upon plants. We must compete with a great variety of
plant diseases caused by virus, bacteria and fungi, and with pests such as
insects, mites and nematodes. These organisms pose one of the more
serious threats both to crop production and to harvested products. It has
become increasingly necessary to effectively combat these damaging
organisms in order to feed a growing human population. To adequately do
this, in each case we need to know which disease or pest we must deal
with. Consequently, in plant pathology, like in medicine and veterinary
medicine, we need correct diagnosis in order to apply and adopt adequate
control measures.
Historically, we usually identify various damaging agents by observing the
visual symptoms that are induced. From these identifications we anticipate
a cause, and then when possible we choose a control method, normally a
chemical that might stop the specific pathogen. In cases where symptoms
are specific, this method works satisfactorily, but in many cases there are
no clear symptoms, or the same symptoms are shown by different
pathogens/agents. Also, several pathogens have a latent phase that occurs
without symptoms. Thus, better methods are increasingly needed that can
be used to directly identify the causal agents. An early method was
developed in the middle of the 19th century, when the compound
microscope became available, initiating rational study of microorganisms.
Immediately, many previously unknown species and varieties were
described. The light microscope issued in a tremendous improvement in
biological studies. However, even so, the early work concerning diagnosis
and identification of pests and diseases was time-consuming in both the
library and the laboratory.
The importance of correct diagnosis keeps growing, due to our modern way
of life where pests and diseases are easily transferred in the process of
intense trade and travel around the world. Most countries have therefore
engaged in extensive cooperation on issues concerning plant protection
under the auspices of the International Plant Protection Convention
sponsored by the Food and Agriculture Organisation (FAG) of the United
Nations. The health status of plants and plant products transported between
countries must be documented in a Phytosanitary Certificate issued by the
7

exporting country. Such a document then follows the plant material
intended for import into new countries (e.g., into the European Union). The
consignments may be sampled for rapid diagnosis of pests and diseases. If
the plant material is healthy and the documents are approved, the plant
material will be imported. Some plant material of uncertain health status
may also, according to import legislation, be cultivated in quarantine for a
certain time, and then its health status continuously sampled and evaluated.
To ensure the health status of plant material within the EU, such materials
carry plant passports.
Low risk plant material must satisfy the EU
minimum quality rules before being distributed within the union. As
another means of controlling the spread of serious pests and diseases
within EU, different member states apply for protected zones against
certain plant pests or diseases. The applying country must then control the
concerned pest/disease to maintain the protected zone status, all the while
regularly reporting to EU checks that confirm the material's freedom from
pest/disease (Council Directive 77/93/EEC; 91/683).
The economically most important diseases and pests, which may cause
severe destruction in crop production, are listed as quarantine
diseases/pests. Some examples include fire blight (Erwinia amylovora),
bacterial ringrot of potato (Clavibacter michiganensis subsp. sepedonicus),
potato leafroll virus (PLRV), red core on strawberry plants (Phytophthora
fragariae var. fragariae), raspberry root rot (P. fragariae var. rubi) and
Thrips palmi, which is an insect pest and virus vector for the tomato
spotted wilt virus (TSWV). In order to facilitate cooperation in effective
control of plant pathogens, most countries are also organised in plant
health organisations (e.g., the European Plant Protection Organisation,
EPPO, and the North American Plant Protection Organisation, NAPPO)
which devise and issue plant health regulations. For quarantine diseases,
whose tol~rance is zero, these regulations require adequate efficient
identification or diagnosis.
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A further need for fast plant disease diagnosis stems from the intensified
use of chemical compounds for disease control in agriculture and
horticulture. Many of these compounds are considered threats to the
environment and to human health. Therefore, a clear trend in many
countries is to reduce both number and amount of such chemicals used for
crop protection.
This can be accomplished by more precise use of
chemicals, which in turn increases yet further the importance of fast and
suitable methods for correct detection and identification of pathogens, both
in plant materials and in soils. Fast diagnosis is often a prerequisite for the
increasing the number of prognoses that are carried out and for utilizing the
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increasing number of warning systems that are becoming available to
farmers. For example, warning systems are presently available for apple
scab (Venturia inaequalis), potato late blight (Phytophthora infestans), leaf
blotch fungi on cereals (Septoria nodorum and S. trifid) and for foot rot
(Pseudocercosporella herpotrichoides). Another way to decrease chemical
applications is to avoid certain plant -borne diseases altogether by
maintaining healthy propagating material (Stead et al. 1996), which again
strengthens the need for more efficacious methods of screening, detecting,
diagnosing and testing.
These burgeoning diagnostic needs invoke an emphasis on development of
methods that can complement the classical methods of symptom reading
and microscopy for identifying causal agents. Effort has been directed
toward finding reliable standardised tests, but at the same time, cheap, fast,
sensitive and, as far as possible, specific tests. Most modern diagnostic
tests therefore include immunology, DNA techniques, biochemical tests,
and/or fatty acid analysis, and so forth. When needed, these tests are
complemented with test plants, pathogenicity tests, cultivation on agar
plates and, of course, storing of "voucher specimens."
Thus, culture
collections with well-documented reference strains!cultures continue to be
of vital importance in all diagnostic work.
Effective methods for identifying certain pathogenic fungi also include
staining techniques and observations of specific pigments. Red pigments
(anthraquinones) from some Drechslera species and Bipolaris sorokiana
have been used for separating Drechslera species from other fungi, such as
Septoria spp. (Engstrom et al. 1993). Also, for additional information used
in classification of imperfect fungi (e.g. Fusarium spp.) when grown on
different agar media, production of coloured pigments has been employed.
Further, Phytophthora spp. and other fungi can be detected in soil, agar
media, etc., by use of certain fluorescent compounds (Calcofluor white
M2R, diethanol and fluorescein diacetate) with affinities for cellulose,
glucan, and chitin (Erwin and Ribeiro 1996e).
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For diagnosis of plant pathogenic bacteria, methods of identification of
pure cultures have long been based on nutritional and physiological
properties including the Gram staining reaction, ability to use oxygen,
presence
of cytochrome-c
oxidase,
accumulation
of
poly-Bhydroxybutyrate, arginine dihydrolase activation, pectate lyase activity, and
other properties (Lelliott and Stead 1987). To facilitate such tests,
prepackaged tests have also been developed, such as the API test kit and
the BIOLOG GN Microplate system. However, these test procedures are
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more suitable for medical samples than for plant pathogenic purposes.
Moreover, they are time consuming and laborious. Newer methods usually
include DNA-based
methods
using specific primers or probes.
Unfortunately, so far such methods are generally available only for a few
plant pathogenic bacterial species/pathotypes. Thus, here also there is need
for continuous development of faster and, if possible, more reliable and
cheaper diagnostic methods.

2.

Aim and outline of this study

The experimental work presented in the first part of this thesis started in
1989, mainly for the following reasons. There was then a complete lack of
good immunological
and molecular biological diagnostic methods
available for detection and diagnosis of Phytophthora species, especially
for those species difficult to discriminate with morphological methods and
also for separation of taxa in in subspecific levels (e.g., the P. fragariae
varieties).
Further, there was a strong requirement coming from the
Swedish Board of Agriculture, from grower advisors and from plant
producers, to be able to detect, diagnose and control serious Phytophthora
diseases in imported plant material, as well as in strawberry and raspberry
plant production.
For seeking means of satisfying this goal and discriminating between P.
fragariae varieties, two main approaches were followed:
i.) Adaptations of existing diagnostic tests were devised to obtain a fast
and reliable procedure for routine identification of Phytophthora spp.

ii.) Research was carried out to evaluate, test and refine new methods for
identifying Phytophthora species and varieties. The methods include
application of isozyme analysis.

3.

Ii I
.,

The Phytophthora plant pathogens

The name Phytophthora, meaning"plant destroyer," goes back to 1876
when Anton de Bary described, as the type species for this new genus, the
host-specialized, potato late blight fungus, Phytophthora inftstans. A
second species, P. cactorum, was described in 1886, and thereafter many
new Phytophthora species were discovered. Presently, about 60 plant
pathogenic species within this genus are described. They range from
specialised species, such as P. fragariae attacking raspberry, strawberry
and some other rosaseous hosts, to P. cinnamomi, which has a very broad
host range, causing damage to thousands of plant species, mostly woody
10
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plants including fruit trees, but also ornamentals, pineapple (Ananas
comosus) and cranberry (Vaccinium macrocarpon) (Zentmyer 1983; Cooke
et al. 1995; Erwin & Ribeiro 1996a).
Phytophthora pathogens, which infect both cultured and wild plants, are
spread all over the the world. Considerable economic losses are thereby
caused in agriculture, as well as in horticulture (Duncan 1990; Jeffers et al.
1982; Kennedy & Duncan 1995; Washington 1988; Wilcox 1989; Wilcox
et al. 1993) and silviculture (Chastagner et al. 1995; Robin et al. 1994;
Brasier et al. 1995; Jung et al. 1996). Not least, the introduction of
Phytophthora species to new areas by man has caused irreversible changes
and imbalance in natura] ecosystems, like the damages to the S. W. Iberian
oak forests (Brasier 1992 1993; Brasier et al. 1994), the Australian jarrah
(Eucalyptus marginata) forests and the Tasmanian rain forests (Dickman
1992). The devastating effects of introduction of the P. infestans to Europe
in the middle of the nineteen century is also well-known (Fry and Goodwin
1997).
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Phytophthora diseases on cultivated plants are therefore of considerable
economic interest. The economic damage to crops caused by Phytophthora
species in the USA alone is estimated to be billions of dollars annually
(Erwin & Ribeiro 1996d). Red core disease of strawberry plants (caused by
P. fragariae var. fragariae), generally favoured by coo] wet regions, will
cause serious economic loss in most countries in Europe with mostly poor
quality yields that may be as low as 1 ton/ha. The crop loss from red core
during one season in Nova Scotia (Canada), causing 78% of the strawberry
area to be unproductive, was estimated to be more than 1500 CAD per ha
(C~bi/EPPO 1992). These diseases are often spread long distances by
means of latently infected, mostly vegetatively propagated, plant material.
This is also the most likely way the soft-fruit diseases were spread to
Scandinavia and Sweden via the intense plant trade during the last 25 years
(Duncan 1990).
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The genus Phytophthora is closely related to the genus Pythium in the
family Pythiaceae, order Peronosporales. Species of the genus are
ecologically favoured by free water both in soil and on foliage. In spite of
their superficial resemblance to fungi, they belong to the class Oomycetes
included in Stramenopiles (e.g. oomycetes, chrysophytes, phaeophytes,
synurophytes, diatoms, xanthophytes, bicosoecids. slime moulds) (Erwin'
and Ribeiro 1996f; Sogin-Mitchell and Silberman 1998). They have close
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3.1 The Phytophthora

J

genus-some characteristics

phylogenetic affinities with the chromophyte algae, and are therefore
widely divergent from higher fungi (Hardham et al. 1994).
The Oomycetes are divided in three orders, Peronosporales (including the
family Pythiaceae), Saprolegniales (including Aphanomyces spp.) and
Lagenidiales. The polysacharide glucan exists as both storage and
protective material in oomycetous cells, compared to glycogen in the cells
of higher fungi. Oomycetes have diploid somatic nuclei, cell walls
composed primarily of glucan, and more or less coenocytic (aseptate)
hyphae, in contrast to higher fungi which have haploid vegetative mycelia
that are septated and mycelial walls of fungal chitin (Agrios 1988;
Bartnicki-Garcia and Wang 1987). Young Phytophthora mycelia are
coenocytic with septa only at junctures that serve to enclose oogonia,
antheridia, sporangia and chlamydospores, separating them from the
siphonal hyphae. However, septa will be produced within hypae of older
mycelia. Phytophthora cinnamomi have better capabilities for survival as a
saprophyte than many other Phytophthora species, and can survive at least
six years in moist soil. The chlamydospore is the survival spore, and the
hyphae may grow through the soil and infect root systems of new hosts
(Erwin and Ribeiro 1996a; Weste 1983). Other Phytophthora species
having homothallic (compatible male and female gametes within the same
mycelium-Agrios 1988) mycelia ~ill produce long lived oospores (resting
spores) in nutritious media, or in infected plant tissue. Heterothallic
(compatible male and female gametes within physiologically distinct
mycelia) species produce oospores after pairing of different mating types.
Their oospore progeny may also be the result of hybridization, or selfing
from cross stimulation of hormone-like substances
from another
Phytophthora species, or contact with host root exudates. (Erwin and
Ribeiro 1996g). The asexual phase involves production of many sporangia
and kidney shaped heterokont (two different flagella, whiplash and tinsel)
zoospores (Erwin and Ribeiro 1996f).
The Phytophthora fungi have been revised and reviewed at regular
intervals. Recently Crawford et al. (1996) used sequence analysis of the
internal transcribed spacer (ITS) regions 1 and 2 of ribosomal DNA for
studying evolutionary relationships between 15 Phytophthora species and
concluded that sporangium papillation has phylogenetic significance, with
three morphological
groups forming separate
clusters.
Separate
evolutionary lines were identified for P. medicaginis, P. trifolii and P.
sojae that were formerly classified within the P. megasperma complex,
confirming their recent classification as biological species. P. cryptogea
and P. drechsleri were distinguished by use of rDNA sequence analysis,
12

Id are therefore

which indicates a valid base for speciation. In another recent paper (Cooke
and Duncan 1997), data based on ITS 1 and ITS2 sequences were used to
construct two unrooted phylogenetic trees. Two clades were evident from
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species with non-papillate sporangia, one consisting of P. fragariae, P.
cambivora and P. cinnamomi and the other of P. megasperma, P.
drechsleri and P. cryptogea. The latter three were placed in the tree
between the non-papillate groups and the papillate and semi-papillate
groups, which formed three distinct clades. One group comprised P.
citricola, P. citrophthora and P. capsici, another P. megakarya and P.
palmivora, and a third, P. pseudutsugae, P.cactorum, P. idaei, P.
nicotianae and P. infestans.
3.2 Most Phytophthora
Most plant
spores (the
example is
the disease

pathogens are soil-borne

pathogenic Phytophthora spp. are soil-borne, with resting
oospores) staying alive in soil for a long time. One such
the strawberry pathogen, P. fragariae var. fragariae, causing
red core to strawberry plants. After 11 years on lay-land, the

pathogen could readily start up a new massive infection on strawberry
plants (Duncan JM, SCRI, Dundee, pers. corpm.). This information is
consistent with another record of 13 years from Michigan, USA described
by Milholland (1994). Also, a common, well-documented experience with
strawberry and raspberry is that the more we study a specific host plant the
more "new" or different Phytophthora species may be reported as possible
pathogens on the host-plant. They are therefore often ranked according to
their pathogenicity.
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Most of the soilborn species isolated from strawberry and raspberry plants
are homothallic species, producing resting spores (oospores), but a few
species are heterothallic such as Al and A2. Some of the heterothallic
species may produce oospores by selfing when in contact with an opposite
mating type from another species, or even when in contact with host tissue
(Erwin and Ribeiro 1996g). Some foliage infecting species are air-borne,
and the caducous sporangia are wind-spread long distances to their hosts
plants, especially during high relative humidity (Duniway 1983). The most
well-known air-borne species, namely, the heterothallic P. infestans, forms
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Fig. 1. Life cycle of a root-infecting Phytophtora spp. showing the infection site close to the root-tip
including encystment and penetration of zoospores. Oospore germination produces sporangia andl
generations of zoospores which will attack new root-tips. By courtesy of Jim Duncan, SCRI, Dundee
Scotland.
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population of P. infestans, may have migrated quite recently from Mexico
to northeast USA, and to Europe, East Asia and South America. The new
European strains contain individuals of both mating types, which has now
enabled the pathogen population in Europe to reproduce sexually rather
than only asexually, as it did earlier according to Fry and Goodwin (1997).
Furthermore, since both diploid and polyploid isolates coexist in the field,
there are ample opportunities for variability, which increases the risk of
viable oospores being produced that initiate new biotypes with increased or
changed fungicide resistance (Erwin & Ribeiro 1996b, 1996c).

3.3 Specific Phytophthora
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A specific Phytophthora disease causes root rot on Alders (Alnus
glutinosa). Unknown earlier in Sweden, it was isolated in 1996 from lower
stem-based lesions on trees or shrubs along the river bank of Stivefm (IV).
In 1993, this Phytophthora was for the first time isolated from dying alders
in several parts of southern Britain (Brasier et al. 1995; Gibbs 1995). The
disease was later found in Niedersachsen, NW Germany (Hartmann 1995),
in northern France (Alain Baudry, INRA, Bordeaux pers. comm.), the
Netherlands (van Dijk, NIOO, pers. comm.), and recently in Austria (Cech
pers. comm.). Presumingly, this disease is naturally spread by spores that
are transported in water. However, in artificial plantings it probably
spreads also by production of latently infected alder plants.

3.4 Many Phytophthora pathogens are dispersed long-distances by
plant parts or plant products
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The international trade of plant material (plants, small plants, cuttings,
bulbs, tubers and seeds) intended for further cultivation, are considered an
effective means of spreading plant pathogenic Phytophthora species. For
economical production of small material such as seeds and soft fruit (e.g.,
raspberries and strawberries), the material is often sent to low cost
countries for production of marketable amounts of plant material (small
plants of soft fruits, fruit trees and forest trees). Other plant material (e.g.,
new varieties of ornamental plant cuttings, seeds, bulbs and tubers) is
imported from various countries around the world. Small plants that are
imported for production of trees may have been infected with alder
Phytophthora, which include the species P. cambivora. P. cactorum, P.
citricola, P. pseudotsugae, P. lateralis, P. drechsleri, P. cinnamomi, P.
megasperma etc. (Ribeiro and Linderman 1991). If so, how soon a
pathogen will appear and damage the plants depends on cultivation
15
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practices, environmental conditions, and its pathogenicity. Strawberry
plants may be infected with red core (P. fi'agariae var. fragariae), crown
rot (P. cactorom), P. citricola, etc. Cuttings for production of potted plants
(e.g., Poinsettia spp.), which are often imported from USA, may be latently
infected with P. nicotianae or P. cactorum. After hybridization, these
imported pathogens may suddenly find a suitable local host plant to exploit
as a nich.

4.

The control of Phytophthora pathogens

4.1 Chemical control
In using chemical control, Phytophthora species, which are Oomycetes,
require specific fungicides because they are biochemically unique and
quite distinctly separated from the real fungi, Mycetae (Bartnicki-Garcia
and Wang 1987). The cell walls contain two types of highly insoluble
polymers of B-glucan (mycolaminaran), but lack chitin, which is common
to higher fungi. This makes Oomycetes insensitive to, for example,
Polyoxin antibiotics. Nor do they require sterol for growth, which makes
them insensitive to sterol-syntes-inhibiting fungicides (e.g., triadimefon,
triadimenol, bitertanol). Also the systemic fungicide Benomyl, active in
low doses against higher fungi and having an ability to bind to tubulin, a
protein involved in the mitotic phase of cell division, is ineffective against
Phytophthora spp. Tubulin in Phytophthora species has a different
composition than in higher fungi, and therefore benomyl is of no use
against the Oomycetes. Consequently, benomyl may be used in selective
agar for isolation of Phytophthora. Pentachloronitrobenzene (PCNB) is
also selectively non-toxic to Pythiaceae, and to a large number of other
fungi. Benomyl and PCNB, primarily used as supplements and substitutes
to Polyene antibiotics (nystatin and pimaricin, have narrow antifungal
spectra. Polyene antibiotics are known to be strongly antifungal except to a
small number of fungi, including Pythiaceae. The fungicide hymexazol,
introduced in 1977, is selective against most Pythium spp. and used in
selective media for Phytophthora isolation (Tsao 1987). According to
Deacon (1980), the Oomycetes do not synthesize sterols and, in most cases,
do not need them for normal vegetative growth. In these respects the
Oomycetes differ from real fungi but are similar to prokaryotes. Like many
prokaryotes, when the Oomycetes incorporate sterols from their growth
media into their membranes, they become fully sensitive to the polyene
antibiotics. Oomycetes require sterol for production of their reproductive
structures.
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Other commercial fungicides that are active against Oomycetes are
Carbamates (Previcur), Isoxazoles (Tachigaren), Cyanoacetamide-oximes
(Curzate), Ethyl phosphonates (Alliette), and Phenylamides (Fongrid,
Ridomil, Galben, Patafoll, Vinicur and Sandofan.) (Erwin and Ribeiro
1996h). Phosphonates (Alliette) and phenylamides (Ridomil) work well in
treatments of strawberry plants infected with crown rot (P. cactorum) and
red core (P. fragariae vaL fragariae). However, the fungus is suppressed,
not eradicated, and oospores can survive. Therefore, these treatments are
unsuitable for plant production in nurseries (Wilcox 1991). The fungicide
Alliette had neither effect in treatments of raspberry plants infected with
raspberry root rot (Duncan JM, SCRI, Dundee, pers. comm.). Better effect
was achieved using Fubol (mancozeb + metalaxy1) or Recoil (mancozeb
56% + oxadixyl 10%; 36 kg/ha).
A great problem in chemical control of Phytophthora pathogens has been
the fast development of resistance against some fungicides, and resistant
strains, brought about by the intensive use of the phenylamides (e.g.,
Ridomil). In fact, migrations of virulent and -metalaxyl resistant strains
have caused a worldwide resurgence of the potato (and tomato) late blight
disease (P. infestans).
In contrast to most higher fungi, the Phytophthora species are generally
very sensitive to antagonism by bacteria, which may result in failure of
recovery from plant tissue or soils. Most fungi also are insensitive to
antibacterial antibiotics, but the opposite applies to the Peronosporales
(Pythiaceae). In this respect they behave like prokaryotic (e.g. bacteria,
cyanobacteria,
mycoplasma)
organisms, being sensitive to many
antibacterial antibiotics, especially anti-gram-negative or broad spectra
antibiotics.
Pythiaceous
fungi are inhibited
by, for example,
chloramphenicol, chlortetracycline, kanamycin, neomycin, novobiocin,
oxytetracycline,
polymyxin,
streptomycin,
tetracycline,
dihydrostreptomycin, patulin and tyrothricin. Four antibacterial antibiotics
suitable for use in Phytophthora selective media are, on the other hand,
ampicillin, penicillin, rifampicin and vancomycin (Tsao 1987).
4.2 Control by hinderance of pathogen spread
Such control is of importance especially in the trade of propagated plant
materials and during multiplication of many vegetatively propagated plants
such as strawben'y plants, raspberry plants, fruit and ornamental trees,
cuttings for potted plant production and cut flower production. The ED
member countries therefore have adopted specific health and certification
17
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regulations for production and commercial sale of horticultural plants
(Council Directive 77/93fEEC;
91/683). These regulations include
horticultural plants, except seed and forest plants. Micro-propagation may
be included after selection and testing of candidate material as a cleaning
and multiplication step, to achieve the nuclear stock material. This
pathogen free material is then maintained as certified nuclear stock, and it
may be maintained in vivo or vitro. Multiplication from this healthy stock
will produce the propagation stock. After mass propagation and health retesting, this material constitutes the certified stock (e.g., in vitro plants,
cuttings, mother plants, bulbs). During all these steps, controls are also
made for varietal purity, possible mutations or back mutations (Dinesen
and van Zaayen 1996). The certification schemes are controlled by an
official inspection/certification organization. To fulfil the repeated health
test procedures, fast, specific and sensitive diagnostic methods are required
for monitoring viral, bacterial and fungal diseases, as well as nematodes,
insects and mites.
4.3 Resistance breeding
The value of plant resistance in controlling plant disease was recognized in
the beginning of 1900s, when R H Biffen (1905), Orton W A (1909) and
later by H H Flor (1954) presented major accomplishments by of their
work concerning 'the Mendelian inheritance of disease resistance,' 'the
resistance breeding of plants' and 'the gene-for-gene hypothesis,'
respectively (Horsfall and Cowling 1977). These were important
contributions to an understanding of the interaction between the pathogen
and its hostplant. Since this initial start, host plant resistence has become a
highly important control measure in crop production. However, it is often
most successful if, at the same time, sanitation measures such as
regulation of irrigation or soil drainage are practiced. Host-specific
resistance in potato to late blight (P. infestans) was identified in Solanum
demissum, for example,and has then repeatedly been incorporated into
commercial cultivars. The same has been done in soybean (Glycine max),
where many resistance genes were found in Glycine sp. and transfered to
agricultural cultivars, and also in strawberry, where host-specific resistance
has been identified in several cultivars, and thereafter many new
Phytophtora-resistant cultivars have been released (Erwin and Ribeiro
1996i).
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genes (i.e., polygenic or multi-gene resistance), and is thought to control
numerous steps of the physiological processes that make up the defence
mechanisms of the plant. Horisontal resistance does not therefore protect
plants from being infected, but rather, it slows down the development of
individual infection loci on a plant, and also the spread of the disease, and
may further delay the development of epidemics in the field.
Vertical resistance (complete resistance to certain races of pathogens and
not others-Agrios 1988) controlled by one or a few genes (i.e., mono- or
oligogenic resistance), and depends on the race of the pathogen used to
infect a variant of the host, and, thus, clearly differentiates between races of
a pathogen (Agrios 1988). Since Phytophthora species are diploid and in
some cases polyploid in the vegetative state, crossing over of chromosomes
and recombination of genes in the sexual oospore stage is likely to be
involved in the development of new biotypes (Erwin and Ribeiro 1996i).
Since vertical resistance is usually controlled by a single gene, it can
therefore be rapidly overcome by the development of biotypes or
pathologic races. Therefore, for example, the work on red core (P.
fragariae var. fragariae) resistance has shifted to emphasize field
resistance (horisontal resistance), with selection carried out on infested
field sites. However, later work has shown that in some cases such
horizontal resistance may also be race-specific (Duncan 1990). Thus,
Kennedy and Duncan (1988) showed that some races are highly labile and
continually throw off new races, with the conclusion that durable resistance
was still some way off. These authors, Kennedy and Duncan (1993), also
suggest the existence of several races of P. fragariae var. rubi. Their
standard resistant raspberry genotype 'Latham' was found highly resistant
to all isolates tested, while the cultivar 'Autumn Bliss' was rated as
moderately resistant. The latter had in previous tests been recorded
resistant to all races examined by Kennedy and Duncan (1993). Further,
when raspberry root rot was detected and diagnosed for the first time in
Sweden in 1994 (Olsson, unpublished), the cultivar 'Autumn Bliss' was
heavily infected, and finally was killed off by raspberry root rot. Slight
infection was further recorded in the healthy looking cultivars 'Meeker'
and 13RU 8802-1' (Swedish cultivars from Balsgard) growing close to the
heavily infected raspberry cultivars. Hence, for this disease more work is
needed before reliable resistance can be achieved.
4.4 Control of soft-fruit Phytophthora

pathogens by cultural methods
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Apart from healthy plant material (Duncan 1990), the most important
condition for healthy production is a field free from plant pathogens. As
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Phytophthora diseases are most severe in soils containing excessive soil
moisture, a well drained field without overly heavy clay soil should be
used. Clay soils may also be amended by mixing sphagnum and coarse
mineral fractions into the upper layer. The plants can then be cultivated in
raised beds (Erwin and Ribeiro 1996j; Heiberg 1995). This will lower the
water potential and also decrease the pathogen's ability to build up
inoculum (sporangia and zoospores) that may spread between plants in the
field. If some form of irrigation is needed, the water should be taken from
sources such as rivers and ponds devoid of accumulation of Phytophthora
inoculum.
Heiberg (1995) examined the effects of an integrated control system in a
field already infested with P. fragariae var. rubi. In this experiment, raised
beds reduced the severity of root rot compared with flat beds. However, the
best results for both cultivars tested, Veten and Chilliwack, were obtained
with a combination of raised beds and metalaxyl treatment. The separate
treatments, raised beds and metalaxyl had approximately the same effect.
Mulching with grass or composted manure, on the other hand, increased
the severity of the root rot.

5.

Diagnosis by symptoms, light microscopy, and reference
strains

For long time in the history of disease control using scientific methods, the
Phytophthora plant infections, like infections from other fungi, were
diagnosed mainly by the symptoms they caused and by isolating, pure
culturing, and examining the pathogens themselves under the microscope.
The light microscope together with reference specimens of the pathogens
were the main working tools. However, as reference specimens are
dependent on microscopic determination, the precision of the diagnosis and
identification depended largely on the development of good microscopes.
Although, the magnifying power of segments of glass spheres was already
known to the assyrians before the time of Christ, in Europe and America
the origin of this knowledge is more recent. The single lens microscope
was initially constructed by Zacharias Janssen (1590), and improved by
Antonie van Leeuwenhoek (1632-1723), who used 270 x magnification for
observation of bacteria and protozoa. In the same century, the creation of
the compound microscope, equipped with eyepiece and objective, was yet a
further improvement.
Giovanni Amici (1786-1863)
included oil
immersion. Yet further improvements were made in the 19th century by
Carl Zeiss, Ernst Abbe and Otto Schott who developed much more
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efficient microscopes. In 1938 Frits Zemike invented and constructed the
phase-contrast microscope. At the same time, the electron microscope was
invented. Today we have included two other types of microscopes in this
list: interference microscopes and confocal microscopes, both suited for
diagnostic studies.

I

The isolations of pathogens, pure culturing, microscopy and observations
of morphology still provide the reference standards used today,
independent of complementary diagnostic methods that are used. Symptom
readings are, however, usually regarded as a less reliable method, but have
also been extensively used: for example, in the case of viruses after
inoculations of specific test plants.
I·

In the Phytophthora taxonomy, the delineation of taxa has mainly been
based on morphology of oogonialoospores, sporangia, chlamydospores and
hyphae. Discriminating factors added to this have then been physiological
characters such as cardinal temperature and nutritional requirements.
However, many Phytophthora species have highly variable characters with
overlapping measurements (Oudemans and Coffey 1991). Also, detection
of Phytophthora spp. in infected plant material has long been hampered by
the lack of knowledge about Phytophthora biology, morphology, and
pathology, and also by frequent use of improper diagnostic procedures
(Tsao 1990). For certain Phytophthora spp., classical diagnostic methods
are nevertheless reliable, and have also been extensively practised. A good
example is the screening for crown rot of strawberry plants (caused by P.
cactorum). The diagnosis was long carried out on plant material from plant
producers and growers using culture plating (selective media), bait
techniques and morphological classification (Stamps et al. 1990; Krober
1985). However, these diagnostic procedures were expensive in that they
required considerable effort and time.
In the reading of disease symptoms, there is usually a clear difference
between symptoms in the field of a specific infection and the symptoms
induced in greenhouse test plants after artificial inoculations. A major
problem in the field is that infections often are multiple with different
pathogens involved, and, followingly the symptoms may be very unclear.
Typical field symptoms for some of the Phytophthora pathogens studied
here now follow:
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5.1 Crown rot (P. cactorum ) on strawberry plants
Depending on whether infection started at some of the leafbases or via the
rootsystem and spread into the rhizome, orange-red and darkbrown
necrotic areas, sharply demarcated from the healthy tissue, could be found
just below the shoot tips, or in the center or basal part of the rhizome. In
rotted infected roots ('rat tails '), oospores were found scattered throughout.
Most wilting plants usually appear from time of flowering to harvest
(Duncan 1990). In investigations of predisposition of strawberry plants to
crown rot, Lederer and Seemliller (1992) noted that frigo plants injured by
frost were highly susceptible and showed a high mortality rate. However,
uninjured frigo plants and fresh plants became infected only when the
rhizome was wounded. According to Harris and Stickels (1981), crown rot
appears in the field on newly planted cold stored runners mainly in spring,
or somewhat later. Leaves wilt and collapse irreversibly over two to three
days on strawberry plants grown under glass. Plants with single crowns
died, whereas those with multiple crowns usually survived for at least one
season. Rapid wilt appear most frequently from May to August. Plants
showing these symptoms have a crown tissue with orange-brown
discoloration, which extends into the leaf bases (Harris and Stickels 1981).
5.2 Red core (P.fragariae

var.fragariae)
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Symtoms first appear in late spring. The affected plants are stunted with
either no runners or very few. Young leaves are blue-green and older leaves
turn yellow or red. Seriously infected plants have poor root systems ('rat
tails') which cannot support the plants. Inside a 'rat-tail-like' root, it is
possible to find the brick-red core during autumn to spring. Oospores will
usually be found in rotted roots peripheral to the red core (Duncan, pers.
comm.). Often the plants are stunted and the leaves have a bluish tinge,and,
when the weather is warm, they wilt and die if not watered. These plants
will produce a lot of flowers, but where fruits are produced, they are small
and malformed (Duncan 1990; Milholland 1994).
5.3 Raspberry root rot (P.fragariae

var. rubi)

The conspicuous symptoms are lack of young buds which normally appear
between the rows, and lack and wilting of young canes (shepherd's crook
symptom), which will have a black-purplish base. Wilting and bronzing of
laterals on fruiting canes often occurs, with no replacement of canes.
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(Duncan 1990). Often only one side (part of a transverse section) of a large
woody root is infected. The infection continues to grow upwards along this
side of the cane. If the periderm tissue is scraped off, the lower part of such
a root will be stained black-brown, and upwards near the healthy tissues,
the infected root segment becomes more and more orange-red. The infected
part of the root will be sharply demarcated from the healthy yellow-white
part.
5.4 Alder Phytophthora
The conspicuous whole tree symptoms include sparse foliage, which makes
the tree tops look thin. In later stages, the tree exhibits dead tree tops, with
foliage only on the lower part of the tree. The stem base shows triangular
cankers tapering upwards from the collar region (IV). No obvious foliage
symptoms are seen on young trees with an early sign of black-brown
necrosis entering the collar region. Dying trees often have branches with
tarry spots, which probably is a physiological indication of a dying tree.

6.

Diagnosis of fungal pathogens by immunoassays.

The birth of the immunological science dates back to the latter part of the
19th century when Pasteur first recognized that mammals could acquire
immunity after being treated with incapacitated or sublethal doses of
infectious microorganisms. Molecules or mixtures of molecules that can
initiate an immunological response were called antigens. A wide range of
macromolecules such as proteins, glycoproteins, lipopolysaccharides,
carbohydrates, lipids and nucleic acids can act as antigens (Quicke 1996).
Most plant pathogens possess specific antigenic determinants (proteins or
other antigenic moieties) as part of their structure. Coat-protein subunits
from plant viruses form ideal antigens and are comparatively easy to
purify, compared to the more complex antigens from fungal mycelia and
spores, where non-specific immunodominant antigens may mask the
presence of more specific epitopes (De Boer et al. 1996; Miller 1996).
Vertebrates, mostly rabbits, were injected with antigens and started
producing antibodies. These antibodies are called polyclonal because they
constitute a mixture of antibodies produced from diverse B-cell clones (i.e.
polyclonal) against several epitopes of the target antigen, and with varying
affinities (Werres and Steffens 1994).
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Kohler and Milstein (1975) introduced the technology for production of
monoclonal antibodies. Single antibody producing B-Iymphocytes were
isolated from an animal and multiplied as clones. All cells of one clone
synthesised identical (i.e., monoclonal) antibodies, all directed toward a
single epitope. To have "eternal life" in cell culture, the choosen isolated
B-Iymphocytes are fused with myeloma (i.e. tumour) cells to form B-cell
complex. (De Boer et al. 1996; Werres and Steffens 1994). From these Bcell clones, homogenous monoclonal antibodies may be produced, so that
all from the same clone are identical and specifically directed toward a
single epitope. This technology was first introduced in plant pathology in
1983 (Werres and Steffens 1994).
The specificity of polyclonal antisera can be further increased by extraction
of monospecific antibodies by affinity purification (i.e., specific antibodies
extracted from affinity chromatography or Western blotting). These
antibodies are specific to a paticular protein fraction (i.e., mono specific ),
but not to single epitopes (Werres and Steffens 1994).
Due to the its broad diagnostic potential, immunological technique has
been used both for experimental and applied investigations in plant
pathology. A large array of techniques, referred to as immunoassays, were
developed. Many derived originally from medical or animal research.
These techniques are and have been primarily used in plant pathology for
identification, diagnosis and quantitation (Barbara and Clark 1986).
6.1 Immunological assays
The first of the three immunological methods here described were
introduced in plant pathology more than forty years ago. In the
precipitation/agglutination test, antigens and antibodies are simply mixed.
A visible precipitate indicates a positive reaction. The reactions are
referred to as "agglutination" for large insoluble antigens (at least the size
of a bacterial cell) and as "precipitation" when smaller, soluble antigens are
involved. Diagnostic usefulness is limited by the large amounts of reactants
needed. The antigen also needs to be reasonably free of contaminating host
material which may obscure the reaction. A second method is the
"diffusion assay." The Ouchterlony method (Ouchterlony 1968; Quicke
1996) carried out in agar or agarose gels etc. is an example. Antigen and
antibody are allowed to diffuse toward each other, forming a precipitin line
where they meet. This makes possible the use of very crude antigen
preparations. The disadvantage is that these diffusion assays are only
applicable to antigens of a certain size that are able to diffuse through the
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agar. They are further characterized by low se?sitivity, e.g., 100-1000 times
lesS sensitive than a modem ELISA test (Huttmga 1996).
6.2 Latex agglutination
A third method is the "latex agglutination" and similar procedures where
various beads (e.g. bentonite, polystyrene, latex) are sensitized by passively
coating them with antibodies. They thereby become agglutinated when
mixed with antigens. Sensitation of the latex beads may be enhanced by
protein-A coating, which binds IgG. These agglutination assays are
intermediate in sensitivity between diffusion and binding assays, but have
the disadvantage that they are less suited for large-scale application
(Huttinga 1996; Barbara and Clark 1986).
6.3 Immunoelectrophoresis
This two-stage technique is often used for measuring relatedness between
taxa. Pairs of soluble protein samples (antigens), each on an opposite side
of an elongate central well al,mg the length of a gel, are first separat('d
under standard electrophore~is conditions. After electrophoresis the
elongate central well is filled with antiserum, often polyclonal, raised
against one of the antigen samples. The antigens and antibodies then
diffuse through the gel forming precipitin arcs where they meet. Since the
individual proteins from the two antigen samples are separated along the
gel, the precipitin arcs formed with each protein will usually be
distinguishable. Antigens of different molecular size will diffuse at
different rates, and therefore the precipitin arcs will not only be separated
along the length of the gel, but also along its width. The side of the gel with
the heterologous antigen sample will usually produce fewer precipitin arcs
the more distantly related the taxa are. Their proteins then have fewer
antigenic determinants in common. The difference in the number of
precipitin arcs on the two sides of the gel compared with the maximum
number will therefore be a measure of the immunological distance between
the two taxa (Quicke 1996). This method provides a much more sensitive
means of testing antiserum specificity than immunodiffusion.
Some
enzymes also retain their activity in immunoprecipitation
lines (e.g.,
dehydrogenases, esterases, carboxylases). Thus, it is easy to identify the
antigen-antibody complex of interest with the precipitin band (PerrotRechenmmU1 and GadaI1986).
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6.4 Immunofluorescense
The immunofluorescense (IF) technique was originally introduced in
phytobacteriology in the middle of the 1960 and later also in mycology, but
it was not until 10 years later that it became recognized as a useful tool for
diagnostic work. Bacterial or fungal cells/spores are fixed to the surface of
a glass-slide. To observe the location of the antigens (bacteria or fungal
spores), one can either use a fluorochrome linked to a specific antibody
(direct immunofluorescense) or a specific primary antibody detected by a
secondary
antibody
conjugated
with a fluorochrome
(indirect
immunofluorescense). The latter method is generally prefered since there is
amplification of the signal (Doonan and Clayton 1986). The high intensity
radiation from a mercury lamp is in the epi-illumination mode transmitted
to the subject, which then will show fluorescing margins. In direct
comparisons between ELISA and IF, ELISA is usually shown to be about
10 times less sensitive than IF.
A problem with fluorescein isothiocyanate (FITC) labeled secondary
antibodies is that they sometimes show non-specific binding to other fungi.
To overcome this problem, Salinas et al. (1994) used monoclonal
antibodies directly conjugated to FITC for detection of Botrytis cineria on
cut flowers. Although some sensitivity was lost, the fluorescense intensity
was improved by increasing the conjugate incubation time. Salinas et al.
(1994) also showed improvements in IF protocols when carrying out all
reaction steps in a 96 well filtration plate (Millipore HV). The
disadvantage of using the IF-technique in a modern diagnostic laboratory is
the need for well-trained personnel and the lack of quantitation. Also, the
equipment is relatively costly and the technique is unsuited for large series
of samples (De Boer et al. 1996).
6.5 DAS ELISA test
The double antibody sandwich (DAS) enzyme-linked immunosorbent
assay (ELISA) is often based on a polystyrene 96 well microtiter plate,
usually coated with affininty purified polyclonal antibodies or monoclonal
antibodies (catching antibodies). The antigen in a test solution is added and
allowed to bind. After washing, the monoclonal, enzyme conjugated
detecting antibodies will bind to the antigens. After washing the enzyme,
substrate is added. Thereafter, the assay is quantitated by measuring the
colour reaction in an ELISA reader C spectrophotometer'). The colour
reaction is related to the amount of secondary antibody specifically bound
to the antigen (Clark 1981; Harlow and Lane 1988).
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Fig. 2. Principles used in the DAS ELISA test. The line represent the surface of the well with bound
catching antibodies, antigenes (squares) and enzyme (-E) conjugated to detecting antibodies. The free
surface between antibodies are pre-blocked with non-fat dry milk (0).

The ELISA method was invented in 1971 by Engvall and Perlmann at the
Wenner-Gren Institute, Stockholm. They found the ELISA assay to be
quantitative and as sensitive as the corresponding radioimmunoassays. A
few years later Clark and Adams (1977) introduced this test for use in plant
pathology for detection and quantification of some morphologically
different plant viruses. They found the microplate procedure particularly
suited for the large scale testing of field samples. Today, commersial
assays for plant pathogens are predominantly based on double-antibody
ELISA, which is ideally suited for detection of antigens in complex
mixtures such as plant sap and soil extracts (Miller et al. 1992). The ELISA
test format has proven remarkably useful as a test for a wide range of
viruses, fungi, xylem-limited bacteria, spiroplasmas, non-cultivated
mycoplasmalike (MLO) organisms, Rhizobium sp. and individual enzymes
(Barbara and Clark 1986).
The sensitivity of the enzyme immunoassays (e.g. ELISA) according to
Barbara and Clark (1986) has a range of sensitivity between 1.0 and 10.0
ng (i.e., lO'9g) per ml. This is in accordance with the detection limit of 3.0
ng per ml extracted mycelial protein from P. cactorum recorded from a
DAS ELISA test (Phytophthora Kit E, Agri-Diagnostics Ass., New Yersey,
USA. syn. Agri-Screen Phytophthora test, Neogen Corp., USA) by Olsson
(1995). In a test series of simulated P. fragariae var. rubi infection, using
the ELISA procedure according to Olsson (1995), the limit of detection
was 0.25% (Olsson and Heiberg 1997). A somewhat higher detection limit,
1% of simulated infection of P. cinnamomi in Azalea roots, was recorded
by Benson (1991) in similar experiments using the Phytophthora Kit E.
The classical DAS ELISA techniques are considered to be one of the most
sensitive and specific assays, which usually are composed of two
monoclonals (capture antibody and enzyme conjugated detector antibody)
or one monoclonal detector antibody including a polyclonal capture
antibody from another animal species. Polyclonal capture antibodies are
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often used because they are directed to a range of different epitopes of the
target antigen. Consequently they catch more antigen to expose them to the
monoclonal detector antibodies (Dewey 1992). De Boer and McNaughton
(1987) described procedures to adopt when trying to find the best
combination of different antibodies for making a good monoclonal ELISA
test. Only a few species-specific monoclonal antibodies have been raised
against Phytophthora species for diagnostic purposes (Dewey 1992). This
was accomplished by Cahill and Hardham (1994) who succeeded in raising
species-specific
monoclonal
antibodies
against
the surface
of
glutaraldehyde fixed P. cinnamomi zoospores. The antibodies were used in
a Dip-Stick Immunoassay for detection of P. cinnamomi zoospores in soil.
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Beckman et al. (1994) used another method for which the antigen in the
test solution is bound directly to the plastic surface of in a multi well plate.
This test procedure for estimating fungal growth, called an 'indirect plate
trapped ELISA', is based on polyclonal antibodies, and may, in this type of
experiment, be used as a complement to biochemical studies for measuring
rapidly induced plant defence responses. Using ELISA formats, Devergne
et ai. (1994) selected monoclonal antibodies for detection of elicitins
secreted by Phytophthora spp., in pianta (i.e., in the plant) following plant
inoculation. This method could be a possible means of discovering very
early infections by Phytophthora spp. Sadowska-Rybak et ai. (1996)
produced polyclonal antibodies for DAS ELISA and IF from P. cryptogea
antigens in bands selected from an SDS-PAGE gel, and Gabler and Richter
(1996) raised a polyclonal antiserum against mycelial extracts from
P.nicotianae. In indirect ELISA tests, this antisera showed intensive crossreactions between Phytophthora species, but also weak cross-reactions
with related fungi tested. The latter reaction were decreased or eliminated
by adding lyophilized Pythium mycelia (i.e., cross-absorption) which
resulted in a useful antiserum with genus specificity. In the present study
(I), the cross-reactivity when using Phytophthora Kit E is presented and
discussed.
During the extraction process, the plant cells are disrupted, free enzymes
break down their substrates, and oxidation processes begin, resulting in
free phenol oxidase, peroxidase,
polyphenols,
tannins, etc. These
compounds, found in varying amounts in the different vegetative phases of
the plant, are often involved in protecting the plant from insect attacks or
pathogenic organisms. In accord with Okey et al. (1997), significantly high
activities (spectrophotometrically)
were recorded from peroxidase,
polyphenoloxidase and phenylalanine ammonia-lyase in extracts from
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Compounds that interfere in ELISA tests have frequently been recorded in
samples from Prunus sp. leaves and leaves from other woody perennials
(Clark and Adams 1977), healthy plant material in antigen-coated wells
(Dewey and Priestley 1994), and from raspberry and strawberry plants (I).
Soil samples (Thornton et al. 1994), decaying plant tissue with saprophytic
bacteria (van der Wolf and Gussenhoven 1992), and rotten Phytophthora
infected samples (I) were frequently observed, causing high background
readings in ELISA tests. In the present study (I), these difficulties could be
overcome using the ELISA procedure.

I
I

Another compound biotin (De Boer et al. 1996), which together with
peroxidase are used for making enzyme conjugated antibodies for use in
immunological tests ( e.g. ELISA tests), will also be found in plant tissue,
and will consequently interfere in the tests causing non-specific optical
density readings. One approach to this problem is to change the conjugated
enzyme to alkaline phosphatase or to use the sensitive DIG system
(digoxigenin), a suitable substitute for biotin according to De Boer et al.
(1996),
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In experiments for elimination of non-specific reactions from leaf-extract,
Clark and Adams (1977) post-coated the multi well plates with high
concentrations of BSA (bovine serum albumine) or ovalbumine to block
the plate, but still obtained non-specific reactions. They also used polyvinyl
pyrrolidone (PVP) during extraction for binding and separating disturbing
agents, but this was not sufficiently effective to justify routine use.
However, in the present study (I), the non-specific optical density readings
from both the plant and soil samples (including bacteria) can be eliminated
by the combination of heat treatment of the sample by adding the
polymeric adsorbent Polyvinylpolypynolidone
(PVPP ) and Amberlite
XAD-4) to the extract followed by filtration at a slow rate. The ELISA
wells were then pre-coated with non-fat dry milk. This method will
contribute to elimination of non-specific optical density readings in the
DAS ELISA test, which is a prerequisite for sensitive discrimination of low
infection levels in plants. In this manner the method contributes to an
excellent discrimination between samples from diseased and healthy
plants. The results obtained in the present studies (I and II) show that this
use of the ELISA test procedure may make early detection of small
amounts of antigen possible, and also therefore, early diagnosis, and
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6.6 Dot \mm\1nob\nd\n~assa~s
EUSA tests can also be carried out on memblaneS lnitlocellulose, nylon,
etc.) in several assay formats (e.g. dot blot, slot blot, dip.Slick,). The,e
assay procedures are very similal to microtiter plate EUSA, except tbat a
precipitating substlate is used. Membrane.based as,ay, offer speed,
convenience and often increased sen,itivit~ compared to microtiter plate
ELISA. To be able to detect Phytophthora spp· in naturally dark-rooted
woody plants (e.g. Port Oxford cedar, Chamaecyparis iawsoniana), Hahn
and Werres (1997) developed a dot immunobinding assay, based on
polyc\onal antibodies raised on crude extract from p. cinnamomi.
However, this test needs further optimization for more reliable
differentiation between positive and negative readings, but also verification
_ ac IOns wIth other fungi (e.g., pythium Spp.).
of possible cross re f
.
6.7 Phage display technology

Phage display is a technique for the expression or 'display' of a peptide or
protein on the surface of a filamentouSphage. This is accomplished hy the
insertion of a gene or gene fragment in a phage surface protein gene. If the
peptide is well exposed on the phage surface it will be available to act as a
ligand, enzyme, immunogen or otherwise active
bIOchemical process Th'
.
f
.

~~i~ipant in

a
..
e msertlOn 0 random 011oonuc1eotide sequences
provIdes a means of ~onstructing extensive pepti~ libraries that may be
screened to select peptldes with specific affinities or activities.

t~~t~
with

or~a~tQrminQd
binding specificity can be produced by using repertoires of antibody V
(variable) genes. Such antibody fragments have recently been constructed,
by-passing hybridoma technology and even immunization of animals
(Winter et al. 1994). Some years later Kerschbaumer et al. (1997)
produced a recombinant enzyme-linked immunosorbent assay (ELISA) for
detection of Beet necrotic yellow vein virus, entirely based on single-chain
Fv fragments (scFv) in which VH and VL (variable regions from antibody
light and heavy chains) domains are connected on the same polypeptide
chain by a flexible linker. The sensitivity was higher than that reached in a
conventional ELISA employing polyclonal antisera. Two expression
vectors, produced for cloning and production of the coating and decting
reagents, were compatible with phage display vectors such as the
With this technology, very efficient antibody
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pCANT AB series (Pharmacia Sweden), allowing simple subcloning after
isolation of scFv from phage display libraries. Immunological tests can
therefore be developed and produced entirely by using bacterial
recombination and expression techniques. The production of antibody
fragments from bacterial culture is less time consuming and less expensive
than the production of polyclonal antisera in animals (Kerschbaumer et al.
1997). Recently, several groups reported various forms of artificial
antibodies with multiple antibody binding sites per molecule and with dual
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differences

sil In

I

Jmined

I

Before the recent development of various DNA-based diagnostic methods,
the protein electrophoresis techniques constituted, together with ELISA,
the most efficient ways of delineating organism on species and sub-species
levels. Thus, Gallegly (1983) states that the determination of protein
patterns by gel electrophoresis is perhaps the most promising of the
physiologic methods used in classification and identification of species of
Phytophthora. This technique has also proven useful for identification of
isolates belonging to a single Phytopthora species and to confirm
differences between species (Oudemans and Coffey 1991). A short account
of the various ways protein electrophoresis are used in plant diagnosis
work is given below.
7.2 Isoelectric Focusing (IEF) on polyacrylamide gels
In these gels long chains of polymerized acrylamide monomers are
crosslinked with bisacrylamide, which creates a net-like gel structure
whose pore size can be pre-determined by changing the percent crosslinker
when preparing the gel. This net-like structure gives the gel molecular
sieving properties that slow down the migration rate of larger proteins
relative to that of smaller proteins.
In preparing polyacrylamide
gels for isoelectric focusing, carrier
ampholytes (e.g., oligoamino and oligocarboxylic acids possessing both
acidic and basic properties) with a pre-selected pH range (e.g., pH 3.5-10)
are included. Before the samples are added to the gel the pH-gradient is
created by the passage of a pre-running electric current through the
polyacrylamide gel, which causes the carrier ampholytes to stack according
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to their isoelectric points, creating an increasing gradient from anode to
cathode. The separation of the proteins can then be further optimized by

ca
DJ

using an ultra-thin gel (0.4 mm) and by applying very low sample loads.
The thin gel makes efficient cooling possible, allowing a high voltage to be
applied. This way distinct and well-separated bands are obtained, which is
characteristic for IEF runs. When running the IEF gel, the proteins in the
samples will migrate to their iso-electric points where they will have a zero
net charge (Hames 1990; Righetti et al. 1990)

pr

7.3 Discrimination of Phytoph th ora spp. using IEF PAGE
Aile

By use of isoelectric focusing run on ultra thin polyacrylamide gels,
discrimination
between some Phytophthora
species was possible.
Characters useful for separation of the two P. fragariae varieties were
recorded (III). After running, the proteins were visualized by the Comassie
staining method (Fig. 1). However, electrophoretic studies on large PAGE
gels, including isozyme analysis, is costly, and takes unwarranted effort
and time in routine testing. A more practical method, therefore, is isozyme,
which detects more variation within taxa compared to protein profiles and,
consequently, is more suited for discrimination of complexity below the
species level (Brasier 1991).
7.4 Isozyme analysis by Cellulose-Acetate Electrophoresis

(CAGE)

Several decades ago, cellulose acetate electrophoresis was employed as an
electrophoresis medium, and in the mid 1970's a new improved generation
of cellulose acetate membranes was developed. These precast membranes
also produced superior resolution compared to earlier membranes, as well
as good repeatability of experiments (Hebert & Beaton 1989), especially
for isozymal analysis. The isozymes, defined as similar forms of enzymes
that catalyse the same chemical reaction, are produced by different gene
loci. They are here discriminated from allozymes, which are different
allelic forms of an enzyme produced by the same gene locus (May 1992).
One major advantage using this technique is that electrophoresis can be
carried out with very small amounts of homogenated tissue (minimum
amount of sample: 0.5 Ill). Since CAGE has no sieving effect due to the
large pore size, the proteins are separated on the basis of net charge only.
Protein molecules having a net positive charge migrate to the the cathode,
and negatively charged molecules migrate to the anode. When the
functional enzyme is made from one polypeptide chain (sub unit), it is
monomeric, and when made from two or four polypeptide chains, they are
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called dimeric and tetrameric, respectively. As mutations in the encoding
DNA locus change the amino acid sequences of the proteins, the net
protein charge, and thus the mobility of the enzyme, may be affected.
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The cellulose acetate gels are mostly stained after providing a specific
substrate for the enzyme, which will catalyze the reaction, and finally
expose a dye that can be visualized in normal light (Murphy ef aZ. 1996).
Since isozyme electrophoresis is a cost-effective and fast method, it is
possible to gather an abundance of data in a short period of time. It thereby
has led to major improvements in the study of systematics, species
bounderies, interspecific applications etc., and can also readily be used as
diagnostic markers (ill and IV) and for identification of allozyme
genotypes (Murphy ef al. 1996; Goodwin ef aZ. 1995).
Work with isozyme electrophoresis in this study, using 4 enzymes in a
single buffer system, showed its usefulness both for discrimination
between Phytophthora species, and for separation on subspecific level, viz.
separating the Phytophthora ji'agariae varieties (ill). These varieties were
clearly separated on a varietal level. According to Cooke and Duncan
(1997), the ITS sequence homology of the two P. fragariae varieties
accords with other molecular evidence based on ribosomal RFLPs
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(Stammler, Seemtiller and Duncan 1993) and mtDNA analysis (Forster and
Coffey 1992), which confirms their varietal status. The specific primers for
P. fragariae used by Cooke and Duncan (1997) gave an identical
amplification product in PCR with all isolates and races of both varieties
collected worldwide, but not with any other species; These results give
strong support for the view that variation at the ITS level is limited.
Making specific primers for separation of the P. fragariae varieties is
costly and probably not the most practical way to solve the diagnostic
problem.
In this study the isozyme method was also used for investigating the
relationship between the Swedish alder Phytophthora isolates, the related
P. cambivora and P. fragariae var. fragariae, and also for dividing the
alder Phytophthora in two isozyme groups (IV). The technique is quite
generally applicable, and has earlier been successfully used for
investigation of variation within various organismal groups: fungi,
protozoa, plants, invertebrates and vertebrates (Hebert & Beaton 1989). It
has also been valuable as a tool for genetic analysis, using enzymatic
proteins as markers of variation in the underlying genes. Genetic markers
can be used for identification of individuals, analysis of population
structure,
establishing
species boundaries
and for phylogenetic
reconstruction (Richardson et at. 1986).
7.5 Isozyme studies using other electrophoretic

techniques

Agustian et al. (1994) used isozyme analysis on PAGE slab gels for
studying populations of African Armillaria species. They demonstrate that
isozyme analysis is a useful supplement to other methods for phylogenetic
characterizations of isolates and for developing a routine identification test
for African Armillaria spp. Vogler et at. (1996) used isozyme
electrophoresis on starch gels, studying isozyme diversity among hard pine
stem rust fungi (Cronartium and Peridermium spp.) in USA. They found
that each species exhibited a unique set of phenotypes that distinguished it
from all others. For diagnostic purposes, banding patterns from just two
loci were sufficient to distinguish all species and most forms or races that
were
examined.
Larsson
(1994)
included
polyacrylamide
gel
electrophoresis
(Pharmacia
PhastSystem)
when studying isozyme
variability, pathogenicity and morphology among isolates within the genus
Aphanomyces spp., which causes root diseases mostly on vegetable crops
in southern Sweden. The isozyme studies revealed low intraspecific
variation, and two enzymes, glucose-6-phosphate dehydrogenase and
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8.

Diagnosis of Phytophthora pathogens by DNA-based
methods.

In the last two decennia, several DNA-based diagnostic methods have
become routine. Molecular techniques have offered a promising
perspective for detection both of soil-born Phytophthora species and
varieties in vitro and detection of infections in roots and other parts of
infected plants (Stammler et al. 1993). Experiments with dot blots and
Southern blot hybridizations
were useful for identification
and
differentiation of the P. fragariae varieties and other Phytophthora species,
but these techniques were not sufficiently sensitive, so PCR (polymerse
ch~linreaction) primers had to be selected (Stammler et al. 1993).

The PCR (the exponential increase of DNA through successive cycles) was
first described in the early 1970s, but it was not until the purification and
use of heat -stable polymerase became routine in the middle of 1980s that
the polymerse chain reaction became practically feasible. The heat and high
pH needed to denature double stranded DNA to single stranded DNA also
destroyed most enzyme activity. The heat stable polymerase, isolated from
the hot spring bacterium Thermus aquaticus, normally growing at high
temperatures, has been extensively used. After discovery and use of this
Taq polymerase, development of thermal cycles followed and guided the
polymerase chain reaction to completion (Palumbi 1996). Further
improvements in the specificity and amplification efficiency of the PCR
also can be achieved by using nested primers (De Boer et al. 1996). In this
procedure, peR proceeds for 15-30 cycles with the first primer set and then
for another 15-30 cycles with a second primer set that recognizes internal
sequences of amplified product of the first set.
Stammler & Seemtiller (1994) selected specific primers useful for
detection of P. fragariae var. rubi in infected raspbeny roots from the
field. The detection limit, in vitro, was set to 50 femtogram (10.15 g) DNA.
Cooke et al. (1996), in using RAPDs/RAPD
(randomly amplified
polymorphic DNA) found this more useful for distinguishing between the
closely related P. iranica, P. clandestina, P. pseudotsugae, P. cactorum
and P. idaei. DNA sequences of the variable ITS I and ITS2 regions
(nuclear rDNA) did not give the same resolution. Only the three latest
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species could be segregated from each other by a few base-pairs. Cluster
analysis of the RAPD banding pattern clearly separated apple and
strawberry pathovars of P. cactorum, but the two raspberry isolates
appeared to have affinities with both groups (Cooke et al. 1996). Bonants
et al. (1997) used sequences of the ITS regions of the ribosomal gene
repeat to develop primers for P. fragariae in a nested PCR. The fungus was
readily detected in infected but symptomless roots by nested, but not
single-round, PCR. The detection of the PCR product was at least 10-fold
more sensitive by using PCR-ELISA than by using conventional
visualisation on agarose gels. These investigations show the effectiveness
and feasibility of DNA-based methods for pathogen identification and
delineation, but in most cases the methods have to be further developed to
become suitable for routine diagnosis.

9.

Conclusions

In propagation plant material, the requirements are steadily increasing
for fast, reliable and cheap diagnosis of plant pathogens in general, and
not least that for Phytophthora latent infections.
Development of feasible routine diagnosis methods not requiring pureculturing of the pathogens is possible with the DAS ELISA test, a;
method suitable for soft-fruit Phytophthora pathogens.
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From the work presented in this thesis the following conclusions have been
drawn:
•

10.

By appropriate treatment of the plant material, the ELISA methods may
be readily used for screening large amounts of plant samples without
pure-culturing of the pathogens.
Isozyme electrophoresis on cellulose acetate gels is a fast, reliable and
cheap method, even compared to DNA-based techniques, and it is
useful for discrimination between many different organisms, not least
the Phytophthora species and varieties, and for studying relationships
between unknown Phytophthora species.
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Many DNA-based methods still need further development and/or
testing in order to become feasible for use in routine diagnosis, but in
time they will become valuable complements to other diagnosis
methods.
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Abstract
Plant diseases caused by Phytophthora spp. may be reproducibly diagnosed by DAS ELISA techniques, but this type of analysis has long
been hampered by the presence of phenolic and related compounds in
plants to be tested, not least in strawberry and raspberry plants. The
compounds will interfere with the ELISA test procedure, leading to
high non-specific optical density readings. To overcome this, a series of
experiments was performed. Phenolic and related compounds in the
samples were first adsorbed to polymers during antigen extraction and
thereafter separated by filtration at slow rate. To inhibit non-specific
binding of enzyme-conjugated antibodies, the plastic wells were preincubated with non-fat dry milk prior to addition of samples. In experiments with non-sensitized wells, equally high background values of
optical density were seen under untreated conditions and after the use
of polymeric adsorbents. A marked reduction in optical density was,
however, seen after blocking with non-fat dry milk, but the optimal
conditions for all concentrations of antigen were seen first after combined pre-treatment with polymeric adsorbents and non-fat dry milk.
When the threshold absorbance for positive detection was calculated,
the low optical density values from healthy plants, at all antigen concentrations studied, contributed to an excellent discrimination between
samples from diseased and healthy plants.
Zusammenfassung
Diagnose von Phytophthora-Infektionen
beerpflanzen mit Hilfe von ELISA-Tests

bei Himbeer-

ond Erd-

Pfianzenkrankheiten, die durch Phytophthora spp. verursacht werden,
konnen mit Hilfe von DAS-ELISA-Methoden reproduzierbar diagnostiziert werden Diese Art der Analyse wurde jedoch durch das
Vorhandensein von phenolischen und verwandten Verbindungen in den
getesteten Pflanzen, nicht zuletzt in Erdbeer- und Himbeerpflanzen,
erschwert. Diese Verbindungen stOren die ELISA-Testmethode, eine
Storung, die zu hohen, unspezifischen photometrischen Daten fiihrt.
Einige Untersuchungen wurden unternommen, urn dieses Problem zu
bewaltigen. Die phenolischen und verwandten Verbindungen wurden
zuerst wahrend der Antigenextraktion an Polymeren adsorbiert und
anschlieBend durch Filtration bei einer niedrigen DurchfluBrate abgeschieden. Urn die Bindung von nicht spezifischen, enzymkonjugierten
Antikorpern zu verhindern, wurden die Kunststoffkavitaten vor dem
Beifugen der Proben mit fettarmer Milch prainkubiert. In Versuchen
mit nicht sensitivierten Kavitaten wurden gleich hohe Hintergrundwerte
bei der photornetrischen Messung sowohl bei unbehandelten BedingUngen als auch nach der Anwendung von Polyrneradsorbiermittel

U. S. Copyright Clearance Center Code Statement:

0931-1785/95/4305-0307

ermittelt. Eine deutliche Reduzierung der optischen Dichte wurde
jedoch nach der Anwendung von fettarmer Milch festgestellt. Die optimalen Bedingungen fUraile Antigenkonzentrationen wurden erst in der
Kombination der Vorbehandlung mit Polymeradsorbiermittel und der
Anwendung der fettarmen Milch erreicht. Nach der Berechnung des
Schwellenwertes fur einen positiven Nachweis konnte festgestellt
werden, da die niedrigen Werte der optischen Dichte bei gesunden
Pflanzen, bei allen untersuchten Antigenkonzentrationen, zu einer
besonders guten Diskriminierung zwischen den Proben von erkrankten
und gesunden Pflanzen beitrugen.

Introduction
Diseases caused by Phytophthora species are among the most
important plant pathogens in European strawberry and raspberry cultivation. Over the last 10 years red core disease (Phytophthorafragariae
Hickman vaLfragariae) and crown rot (P.
cactorum Lebert & Cohn, Schroter) on strawberry plants, and
raspberry root rot (P. fragariae Hickman vaL rubi Wilcox &
Duncan, vaL nov.), have spread to many countries in northern
Europe (Duncan, 1990). The diseases are thought to be spread
between and within countries by latently infected plant material,
and consequently clean plant material and strict import regulations are important control measures. To accomplish this, a
reliable and fast screening method has to be developed for
plants. One
detecting and eradicating Phytophthora-infected
such method is the use of monoclonal antibodies (Barbara and
Clark, 1986). Tests in the double antibody sandwich (DAS)
ELISA kit format have been commercially developed for several
phytopathogenic fungi, including a genus-specific test for Phytophthora (Miller, 1988). This latter Kit consists of two monoclonal antibodies, of which one was made from P. cinnamomi.
The test is very specific for Phytophthora pathogens but some
plants or parts of plants contain high amounts of phenolics that
interfere in the tests and give high unspecific optical density
readings. The use of this test as a routine method for Phytophthora-infections
in raspberry plants is therefore not practicable. In this paper the methods for eradicating this
interference are described, whereby the DAS ELISA test can
be routinely used as a reliable and sensitive screening method
for Phytophthora infections in plant material.
$ 11.00/0
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and Methods

Plant material used
Raspberry plants, cultivar 'VETEN', naturally infected with P. fravar. rubi, were obtained from Njbs Research St3tion in Norway.
Healthy raspberry and strawberry plants were obtained from the Swedish Elite Plant Station in Kristianstad.
Various healthy and PbJ'-

r

25
05

gariae

micro-propagated

lophthora-infected

raspberry

cultivars

used

were

grown in pots (two plants per cultivar), and on agar in glass jars.
Fungal isolates used
isolate CH 04, was isolated from the crown-tissue in a
strawberry plant cultivar 'DANIA', obtained from a grower in Tierp,
Sweden. P. fragariae var. rubi, isolate CH 21, was kindly supplied by
Drs Kennedy and Duncan, Scottish Crop Research Institute. Dundee,
P. caclorum.

UK.

of mycelial

-2.0

liquid cultures

Agar discs (5 mm diameter), cut from the edge of young cultures of P.
cacrorum grown on CMA (Difco cornmeal agar), and of P. fragariae
vaT. rub; grown on V8-juice agar were used as inocula. Both isolates
were cultivated in V-8 juice, in 20°C, in Erlenmeyer flasks in the dark,
for two weeks. The grown-out mycelial mats were washed with distilled
water through a sieve with EDEROL filter no. 2601,40 g m-' (Binzer
& Munktell Filter GmbH, 350 88 Battenberg/Eder,
Germany), and
then homogenized in a glass homogenizer with a proper amount of PBS
extraction buffer (pH 7.2) to obtain a concentrated protein extract. The
samples were imm~diately frozen (-20°C) while waiting for the tests.
The protein concentrations in samples from both isolates (CH 04 and
CH 21) were me~ured
(Cheung et aI., 19~7):

according to the trichloroacetic

acid method

~

from inf~ted tissues
Pieces of diseased tissue were excised from the roots and the rootneck
Isolation

region (raspberry plants) or crown medulla (strawberry plants) and
washed in running tapwater overnight. The tissue pieces from each
sample were then equally divided, piece for piece. One of the subpieces
was used for the ELISA test and the other for inoculating an agar plate.
Tissue pieces for the ELISA test were weighed and frozen in small
packages a few days before the test. CMA was used for growing P.
eaelOrum and beanagar or V8-juice agar for growing P. jragariae.
Micro-propagated strawberry and raspberry plants (with or without
roots) grown in sterile agar jars were picked up and dried between paper
towels, before beeing divided, with one piece for the ELISA test and
the other plated out on an agar plate. Phytophthora spp. grow well on
agar medium for micro-propagated plants and this medium will not
interfere in the ELISA test (Welander, 1985; Uosukainen, 1992). The
agar plates with plant pieces were incubated in an incubator (Termaks
KBP 4000) at low temperature in order to minimize bacterial growth
and any interference from faster-growing Pythium species. When isolating P. caClorum, P. megasperma (Drechsler). P. citrieola (Sa~1-·.)and
P·fragariae
vaT.rubi. they were found to grow well at a temperature of
13-14°C. Isolates of P. cae/arum were picked up and transferred to a
fresh agar plate after 3-4 days.
Tissue

extraction

Pieces offrozen tissue (raspberry root neck and strawberry crown tissue)
were ground (0.5 g 4 ml-I PBS Tween 20 extraction buffer. pH 7.2) in
a mortar. After the grinding, PVPP (polyvinylpolypyrrolidone)
(Sigma
no. P 6755) and Amberlite XAD-4 (Sigma no. XAD-4) (110 mg 4
ml-I PBS buffer each) were added to the extracts. After mixing and
adsorption for some minutes, the extracts were filtered (Munktell filter
No. OOH)into cryovials (2 ml).
Heat treatment

of infected tissue

Two separate extracts (0.5 g 4 ml-I PBS) were made from raspberry
rootneck-tissue taken as general samples from 13 plants naturally
infected with P.fragariae
vat. rubi. One of the extracts was made from

D
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0.0
Preparation

-1.0

0.0

1.0

2.0

Fig.2

I

caelOrWT,

Iog(x)

of dose,

mglml

extractec

Fig. 1 The curves show optical density as recorded in non-sensitized
= combined pre-treatment with polymeric adsorbents and
wells:
non-fat dry milk (blocking);
= wells blocked, but no use of polymeric
adsorbents~0 = untreated conditions; • = pre-treatment with poly.
meric adsorbents only (means of 2 x 6 wells per concentration). Bars
show standard error of the mean

0

heat-treated

o =stn

0

tissue (80°C. 20 h) and the other from non-heated tissue.

To both extracts, "founts of 110 mg of both PVPP and Amberlite
XAD-4 were added;' primarily to adsorb phenolic compounds. The

reading
optical
the ELI
In aJ
Haida,
Preusse
in back

ELISA wells were bIf>cked with 5% non·fat dry milk.

density
ingswe

ELISA procedure

plants I
Opti.

The Research Phylophrhora Kit E consists of one ELISA plate with 8
sensitized strips (Nunc immuno modules, F8, Maxisorp), and 4 nonsensitized (uncoated) strips in order to control unspecific absorbance
readings. Concentrated extraction- and wash buffers, peroxidase-conjugated antibodies. substrate, substrate diluent and stop solution (1.5%
sodium fluoride) are also included. In the experiment, a PBS Tween 20
buffer (pH 7.2 for extraction, pH 7.8 for washing) was used (J. Harrison
SCRI, Dundee. UK, pers. comm.). In order to control unspecific optical
density readings. one non-sensitized well per sample was used. Before
adding the samples, the ELISA wells were blocked with 5% non-fat
dry milk in PBS extraction buffer, and then the plate was incubated for
20 min on a shaker. After this, the plate was washed once with extraction
buffer, and then tapped vigorously a few times against a pack of paper
towels to remove excess wash buffer. Polymeric adsorbents and filtration at slow rate were included in the extraction process (see Tissue
extraction).
The rest of the ELISA test procedure follows the kit manual (AgriDiagnostics 1987). Finally, after addition and agitation of Stop Solution, the absorbance at 405 nrnwas read in an Emax (Molecular Devices
Corporation, CA, USA) microplate reader. The threshold absorbance
for positive detection was calculated by taking the mean of at least four
wells with healthy controls to which the standard deviation was added
three times.
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the san
cultiva
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Results
Results of experiments
with non-sensitized
adsorbents,
non-fat dry milk, and combined

wells, polymeric
pre-treatment
with

polymeric adsorbents
and non-fat dry milk are shown in Fig.
]. Figure 2 shows values of optical density obtained in testing
various doses of cultivated
mycelia of (P. caClOrum and P.
fragariae

var. rubi, respectively,

and infected

raspberry

(root-

neck tissue) and strawberry
(crown tissue).
In experiments
testing micro-propagated
strawberry
and
raspberry
plants (glass jars with agar), very low optical density

Fig. 3
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and Strawberry
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of mycelia and extracted plant tissue. Bars show standard error of the mean. (A) • = PhYlOphfhora
I ;;rum (isolate CH 04); = P. fragari", var. rubi (isolate CH 21). (means of 2 x 4 wells per concentration). (B) = P. fragar;ae var. rubi
ea~racted from raspberry cultivar 'VETEN' (means of 2 x 4 wells per dilutiDn) .• = Uninfected raspberry cDntrol plants (rootneck tissue). C.
~ = strawberry plant naturally infected with P. cae/arum (isolate CH 04) (means of 2 x 2 wells per dilution)
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Discussion
In this study,

tests were carried

out to find the extent to which

an ELISA test procedure could be used on plant material with
large amounts of interfering phenolic and related compounds.
During the extraction
process, all the cells will be disrupted,
free enzymes will break down their substrates and oxidation
processes
will start, resulting
in free phenol oxidase. polyphenols. tannins. etc. These compounds
will interfere in the
causing

non-specific

binding

of the enzyme-

(1988). compounds

from the extracted

tissue may also

inhibit the immunologic
or enzymatic reaction. Decaying plant
tissues with dominating
saprophytic
bacteria will lead to nonspecific reactions in the ELISA procedure
(van der Wolf and
Gussenhoven,
1992). Clark and Adams (1977) funher recorded

least four

In was added

0.0
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ttment with

-1.0

0.0

1.0

2.0
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JWn in Fig.
d

in testing
um and P.

Fig. 3 Results obtained with the ELISA method with and without
heat~treated samples from raspberry plants naturally infected with P.

oerry (root-

fragariae vaL rubi and combined pre-treatment
with polymeric adsorbents and non-fat dry milk. Bars show standard error of the mean (means

cal density

in experiments

. iitions. This background
will disappear when using non-fat dry
.nilk, polymeric adsorbents
and filtration at slow rate. Accord":, to Johnson et a!. (1984), this blocker was more effective than

Werres

absorbance

and

observed

conjugated
antibodies.
which ultimately will give rise to high
non-specific optical density readings. To prevent non-specific
binding to the plastic surface of the wells. non-fat dry milk was
used as a blocker. This blocker was much less expensive than
BSA (Johnson,
1984). Semper non-fat dry milk (Semper AB,
Stockholm.
Sweden) from the local supermarket
was used.
According
to Clark (1981), Werres and Casper (1987). and

ss (see Tissue

'berry

It was frequently

Phrrophrhora-infected
samples that high background
readings
·were found in the non-sensitized
wells under non-treated
con-

test procedure.

0.5
3.0
3.5

Jack of paper
>ents and fil-

r at

tissue. Heat-treated
tissue was more easily ground and the heat
treatment did not interfere with the sensitivity of the ELISA
test.

raspberry

plants (0.07-0.11 optical density).
Optical density readings from experiments with heat-treated
Phyroph/hora-infected
raspberry
tissue samples (cultivar 'VETEN') showed no significant
difference in the optical density
readings as compared
with the non-heated
tissue (Fig. 3). In
the same experiment. healthy samples from the same raspberry
cultivar showed very low (0.065--{).095) optical density readings.

\ plate with 8
and 4 non-

incubated

wells (0.05--{).09

tested did not interfere

in background
optical density readings. low background
optical
density readings were recorded
in all cases. Background
read-

.J.

Before

0

Haida, Golden Queen. Glen Prosen. Autumn Bliss, Ottawa,
Preussen 1-3; potted, height 50 cm) were screened for diversity

tissue.

ings were the same when dealing

used.

in tests

in the non-sensitized

optical density) and agar samples
the ELISA tests.
In another
experiment
where

md Am berlite
npounds. The

:i

2

o

of 2 x 2 wells per dilution) .•

= non-heated;

0 = sample

80°C for 20 h. Healthy controls
with the same treatments
non-heated
and heated at 80°C for 20 h. in overlaying

0=

treated al
as above:
curves

strong non-specific reactions that sometimes masked the specific
reactions when running ELISA on Prunus sp. leaves in midsummer, and also got the same reaction when testing leaves
from other woody perennials.
Different kinds of polymers are
frequently
included in extraction
procedures
when isolating
plant enzymes or organelles
(Loomis.
1974). Among other
things, they often serve as phenol adsorbents and quinone scavengers. PVPP promotes a better enzyme function (Sigma catalogue. 1992). and is also effective in binding those phenolic
compounds

that form

strong

H-bonded

complexes.

i.e. those
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with isolated hydroxyl groups. It also appears that PVP mol-

ecules bind hydrogen ions as well as phenols (Loomis, 1974).
PVPP also acts as an inhibitor for the enzyme phenoloxidase
(Wendel and Weeden, 1989). The hydrophobic resin, Amberlite
XAD-4, removes hydrophobic materials such as terpenoid compounds from plant extract (Loomis, 1974). In these tests, nonspecific optical density readings disappeared when the new
extraction procedure was included in the ELISA test (Fig. I).
As a result of the heat stability of the antigen, heat treatment
is a useful procedure to include. This treatment will lighten the
heavy work of grinding tissue pieces in the mortar. Oxidases in
plant extracts will be destroyed (80°C, 20 h) and cannot cause
false substrate reactions. This procedure will also make it easier
and cheaper to distribute infected plant material for disease
screening, even between countries. Optimal use of the ELISA
test, with high sensitivity, requires low background optical density readings (Clark, 1981). Especially when detecting low levels
of antigen, it may be very difficult to separate signal from noise.
The present experiments show that high background optical
density readings can be eliminated by using the method
described (Fig. I). When the threshold absorbance was
considered, the dose response curves (Fig. 2A) indicate a detection limit around 3 nanogram extracted mycelial protein from
"jr"cactorum.' Phytophthora Kit E has also been used successfully in quantitating zoospores in irrigation water (AliShtayeh et aI., ]991), with a detection limit of3G-40 zoospores.
Varying cross-reactivity is found within the families PyIhiaceae.and P-eronIJsporaceae (Pscheidt, 1992). Experiments with
heated pure mycelia of PYIhium aJlandrum (Drechsler) gave
strong cross-reaction. The same reaction was also recorded
from experiments with P. vexans (de Bary) and P. coloralurn
(Vaartaja) (Agri-Diagnostics Ass., T. R. Joaquim. pers.
(Edson) Fitzp., P.
comm.). Mycelia from P. ophanidermalum
dissolOcum (Drechsler) and P. ullimum (Trow) will give minor
cross-reactions with the same high concentrations of antigen
(T. R. Joaquim, Agri-Diagnostics Ass, pers. comm.). The crossreactions with Peranospora spp. on raspberries do not imply a
major problem, since these fungi will appear on the upper part
of the canes, and the PhyIophlhora samples will be taken from
the root neck and root region.
With regard to strawberry plants in the field, a Pythium
species with positive reaction in this ELISA test has been found
only once during 3 years. Because of the risk of cross-reaction,
agar plates are always included in each sample. The Phytophthora Kit E is used in Sweden to screen for PhylOphlhora
spp. in the micro-propagation system for healthy and classified
strawberry and raspberry cultivars and, furthermore, to control
Phylophlhora
in the production system for propagation
material. In the future, it will be important to try to devise a
more genus-specific Plzytophlhora test, excluding the antigenic
determinants for Pythium and Peronospora species. One possibility is that unique protein bands from electrophoresis may be
ipcluded as tarEets fOLmore specific monoclonal antibodies.
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Abstract
A commercial serological, multiwell assay kit was used
to assess the detection limits of Phytophthora fragariae
vaL rubi in raspberry roots, Detection limits in time lapse
after inoculation,
were assessed after inoculation of root
systems of raspberry plants by zoospores of p, fragariae
vaL rubi. In extracts taken 3-9 days after inoculation,
the pathogen
was detected from the fourth day after
inoculation, In a test series of simulated p, fragariae vaL
rubi infection where 0,25, 0,5, 1.0 and 1.5% of infected
root tissue respectively, were mixed with healthy tissue
(wjw), it was possible to detect the pathogen at 0,25% of
simulated infection level. The results obtained show the
possibility of an early detection of small amounts of
antigen by the ELISA test procedure used, This enhance
possibilities for early diagnosis and thereby more effective
prevention of Phytophthora diseases in raspberry.

Zusammenfassung
Die Empfindlichkeit eines ELISA-Tests bei der Ermittlung von
Phytophthora fragariae var. rubi in Himbeerwurzeln
Ein Kauflicher,
serologischer
Multiwellassaykit
wurde
angewandt,
urn die Nachweisgrenzen
ftir Phytophthora
fragariae var rubi in Himbeerwurzeln
zu ermitteln. Die
Nachweisgrenze
in Abhangigkeit
von der Zeit nach der
Inokulation
der Wurzelsysteme
von Himbeerpflanzen
mit P. fragariae vaL rubi-Zoosporen
wurde ermittelt. In
Wurzelnextrakten,
die 3 bis 9 Tage nach der Inokulation
gewonnen wurden, konnte der Krankheitserreger
ab dem
vierten Tag nach der Inokulation
nachgewiesen werden.
In einer Testserie wurde eine P.fragariae vaL rubi-Infektion nachgeahmt
in dem 0,25, 0,5, 1,0 bzw. 1,5% (wjw)
von befallenem
Wurzelgewebe
mit gesundem Gewebe
gemischt wurde, Der Erreger konnte bei einem 0,25%
simulierten
Infektionslevel
nachgewiesen
werden. Die
Ergebnisse zeigen, da13 mit dem angewandten
ELISAAssay der fruhe Nachweis von kleinen Antigenmengen
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ermittelt werden kann. Dies steigert die Moglichkeiten
einer Fruhdiagnose
und ermoglicht damit eine bessere
Vorbeugung von PhylOphthora-Krankheiten
in der Himbeere.

Introduction
Raspberry
root rot caused by (Phytophthora fragariae
vaT. rubi (Wilcox et a!., 1993) is a serious and economically important disease on raspberry, causing root
rot and plant death in infested fields. In many countries,
the disease has spread rapidly by latently infected plant
material (Duncan, 1990). To prevent further spread, early
detection of infected plant material is vitally important.
Current detection has mainly been based on isolation
of the pathogen on selective media, which requires considerable effort and time. Another possibility is using
polymerase chain reaction (PCR) (Stammler and Seemuller, 1993), which is very sensitive, but is more time consuming than ELISA tests, especially when screening large
series of material.
The immunoassay
Phytophthora
Kit F and Kit E
(developed by Agri-Diagnostics
Ass., Cinnaminson,
NJ,
USA), can be used for detection of Phytophthora spp. in
raspberry plants and has the advantage of being fast and
easy (Ellis and Miller, 1993; Olsson, 1995). These ELISA
Kits will detect the genus Phytophthora rather than certain species, but used on stock material it is still usable
for early disease detection as this plant material should
preferably be free from all Phytophthora infections or
contaminations,
We here describe experiments set up to (I) evaluate
the earliest time after zoospore inoculation at which the
Phytophthora ELISA multiwell Kit E, can detect a latent
infection of PhylOphthora spp. in raspberry plants and (2)
find the detection limit where small amounts of infected
raspberry root mass were mixed with healthy root mass
in simulated infections.
$ 14.00jO
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Materials and Methods
Plant material

Healthy raspberry plants of cv. 'Veten', were produced at
Ullensvang Research Centre, Division Nj0s in Norway.
Root material was obtained from the Norwegian Stock
material at Gartnerhallen Sauherad. Roots with a diameter of 3-IOmm were cut into pieces of 3-5cm length
and layered 2 cm deep in a fertilized commercial peat
substrate (Hasselfors P-jord). Forcing of the resulting
plantlets took place in a growth room, continuously
illuminated with fluorescent tubes, with variation from
52 to 76 watt/m2 The temperature varied from 18 to
23°e. When the plants were about 4 cm high, they were
transplanted into 8 cm plastic pots containing fresh substrate. The pots were placed in holes in a net in containers
containing 6 pots each to avoid contamination between
plants. The plants were inoculated or used for experiments about 14 days after transplanting.
For mixing diseased and healthy root tissue, infected
raspberry root pieces (cv. 'Glen Moy') showing visua]
symptoms were cut out from roots collected in a field in
southern Sweden. Identification of P. fragariae var. rubi
isolated from the root samples was done according to
morphological classification and isozyme electrophoresis
(e. Olsson unpubl.). No other oomycetes were found in
the root samples. Thirty transverse sections of infected
root tissue (2] mg fresh weight each) were cut from four
different infected raspberry roots. As no differences could
be detected in 00 readings when using healthy material
from different raspberry cultivars (Olsson, 1995), raspberry roots from the cvs. 'Veten' and 'Ottawa', produced
at the Swedish Elite Plant Station, Kristianstad, were
used as healthy controls. Roots from these cultivars were
weighed and mixed with the fixed amount (2] mg) of
infected root tissue to achieve 0.25, 0.5, 1.0 and 1.5%
simulated infection, respectively.
Fungal isolate and inoculum production

The plants were inoculated with a designated isolate of
P. fragariae var. rubi (2/4 Ullensvang Research Centre
Div. Nj0s; or R 189 Scottish Crop Research Institute
Collection (Wilcox et aI., 1993)). The pathogenicity of
the isolate was tested before the experiment started.
Inoculum in the form of zoospore suspensions were
obtained from colonies grown on a vegetable juice agar
(Nestby and Heiberg, 1995). Agar discs, 5mm in diameter, were cut from the colony margins and transferred
to ].5% non-sterile soil extract and floated for 2 days at
]2-l5°C. The soil extract was replaced with fresh extract
after I day of incubation. Before using this extract as
inoculum, the zoospore concentration was adjusted to
approximatley ]000 zoospores per ml by adding distilled
water.
Test plant inoculation

The days before plant inoculation, temperature in the
greenhouse was lowered to ]5°e. The plants were then
inoculated with each 50 ml of zoospore suspension
poured over the surface of the growing media. As plant
extractions for ELISA tests were done on the same day,
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the plants were inoculated on successive dates to achieve
the desired time between inoculation and extraction. In
one series of experiments, inoculations were done 9, 7, 5
and 3 days before extraction, and in another series, 7, 5,4
and 3 days before extraction, respectively. New zoospore
suspensions were made for each inoculation time. The
uninoculated control plants were each treated with 50m]
distilled water. All plants were harvested on the same
date, the day before extraction. The roots were then carefully cut off and washed free of growing media with tap
water and finally with distilled water.
Tissue extraction

The whole root system, except the main root, was cut off
and ground in a mortar. To 5 g roots] 0 ml of PBS Tween
20 extraction buffer (pH = 7.2) was added and the sample
was then homogenated in a mortar. After mixing the
resulting extract, ] m! was taken and mixed with 8ml
PBS extraction buffer to give 0.25 g tissue per 4 ml PBS
buffer. Amberlite XAD-4 and PVPP (I]Omg of each
adsorbent) were then added, and the extract was filtered
at a slow rate into a cryovial (2 ml). The extract was
stored in a freezer (- 20°C) overnight, and processed
according to the ELISA procedure the next day. In
extraction for testing various amounts of simulated infection the tissue samples were heat-treated (80°C, 20 h) and
extracted according to Olsson (1995).
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ELISA procedure

The ELISA procedure in this paper followed the description of Olsson (1995). Three wells were used for each
sample including controls. Means from the 00 readings
were calculated and plotted in a graph. A threshold
absorbance for positive detection was calculated by taking the mean of 00 readings of four healthy control wells
and to this value add three standard deviations.
Results
Figure] shows mean 00 readings from two replicates
of test samples from raspberry roots cv. 'Veten' inoculated with P. fragariae var. rubi zoospores 3, 4, 5, 7 and
9 days before extraction. Mean 00 readings for healthy
controls were 0.] 78 and 0.] 39 00 for the 7th and 9th
day, respectively. The threshold absorbance for positive
detection was calculated to 0.37 00. Four days after
inoculation the 00 value from infected samples exceeded
the threshold absorbance for positive detection.
Figure 2 shows values of 00 readings of samples with
fixed amount of infected root tissue diluted with decreasing amounts of healthy raspberry roots. The threshold
absorbance for positive detection was, in this case, calculated to 0.]200. In this experiment, the 0.25% infection level (0.9 00) can be significantly detected.
Discussion
By the ELISA procedure used in this study it was possible
to detect antigens of P. fragariae var. rubi in raspberry
root systems already 4 days after zoospore inoculation
(Fig. I). At this stage we recorded a latent infection. In
the study of Werres and Casper (1987) an ELISA test
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pies will affect or destroy interfering enzymes (Olsson,
] 995). This procedure was included in our experiments
set up to evaluate the minimum amount of simulated
infection where P. ji'agariae var. rubi could still be
detected. Using this method, the limit of detection was
0.25% of simulated infection in all repeats (Fig. 2). In
similar experiments using the Phylophlhora multiwell Kit
E, Benson (1991) recorded a detection limit of I % simulated infection of P. cinnamomi in Azalea roots. The
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Fig. I Increasing OD values (measured al 405 nm) of samples from
zoospore-inoculated raspberry foots, tested at various days after inoculation. Control plants were tested on days 7 and 9 (n = 12-38). Bars
show standard error of the mean. 0 = Inoculated raspberry roots.
= Healthy controls
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monoclonal antibodies in this Phylophlhora Kit E show
a lower sensitivity for P. cinnamomi antigen than antigens
from many other PhylOphthora species, which may, at
least partly, explain the low sensitivity recorded
by
Benson. In another report where various amounts of
extracts from Chrysanthemum
roots infected by P. ayptogea were added to extracts from healthy roots, MacDonald et aJ. (1990) also found a detection limit of 1%
when using PhylOphthora multiwell Kit D. However, this
Kit may also react weakly with the pathogen tested as
it contains genus specific monoclonal
antibodies raised
against P. sojae antigens. In our experiments we used
practically
the same method
as Benson (1991) and
McDonald et aJ. (] 990). Clearly visibly infected root tissue was mixed with healthy root tissue in order to obtain
some measurement of the sensitivity when using the various kits. As the PhYlophthora Kit D and Kit E have the
same antibodies sensitive to P. fragariae, both will give
the same genus-specific reaction to this species. Therefore, the higher detection limits found by these authors
mainly may result from non-specific reactions.
The ELISA procedure described gives a more sensitive
identification
and quantification
of PhYlophthora infections, both in the trade of plant material and in the
production of nursery stock. than has hitherto been available. The extraction
method gives a fast and reliable
ELISA test, from which it is possible to process a larger
number of samples in a composite sample. This in turn
will reduce the number of assays required and thereby
also the cost per sample.
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Fig.2 OD readings at 405 nm of samples with increasing amounts of
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standard error of the mean. (N = 6)
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Abstract
Isoelectric focusing on ultrathin polyacrylamide gel electrophoresis (UPGE) was
compared with cellulose acetate gel electrophoresis (CAGE) as a diagnostic
method for separating Phytophthora species and varieties. CAGE was more
rapid, sensitive and economic than UPGE and gave superior resolution of
isozyme markers. About seventy isolates from six species, including two
varieties, were identified to species and varietal level, respectively, using CAGE
with Tris Glycine (TG) buffer and staining procedures for a maximum of four
enzymes (GPI, MDH, LDH and IDH). The procedure took c. 30-40 minutes.
Increased reproducibility and reduced run times were achieved by the use of a
special glass-weight for the gel-plates, and by replacing the standard agar overlay
with an overlay of special filter paper. Together with a library of isozyme markers
and/or morphological characters, CAGE can be used as a rapid and accurate
method for the identification of unknown Phytophthora isolates.

Introduction
Phytophthora root and crown rots of raspberry and strawberry can cause severe
losses of production. Easily spread over short and long distances in planting
material, in which they can be latent (Cooke et a/., 1995; Duncan, 1990;
Stammler and Seemuller, 1994), they are a serious threat to the production of
soft fruit in Europe (Cooke et a/., 1995; Duncan 1990). Apart from some
fungicides, the only effective control presently available is to avoid introduction of
the pathogens into plantations by establishing new plantations on pathogen-free
soils and by planting disease-free planting material. However, ensuring healthy
planting material, requires reliable, sensitive and fast diagnosis of the relevant
diseases. Sensitive host bait-plant tests, such as the "root tip test" for P.
fragariae, have been used to detect Phytophthora SPP. in plants (Duncan, 1990),
but they are time-consuming and therefore expensive. Furthermore, since the

taxonomy of Phytophthora is based on morphology (the 'type isolate' concept)
with a limited number of suitable characters, most of which show continuous
variation (Brasier, 1983), well trained specialists are needed for reliable
identification of isolates.
Some of the difficulties in detecting low levels of Phytophthora infection in large
amounts of propagation material produced under glass or in the field have been
overcome through the development of a genus-specific Double Antibody
Sandwich (DAS) ELISA (Agri-Screen Phytophthora test) (Olsson, 1995; Olsson
and Heiberg, 1997). However, differences in the quarantine status of various
Phytophthora species (Duncan, 1990; Cooke et a1., 1995) require some of them
to be identified to species level. Electrophoretic banding patterns of soluble native
or dissociated proteins have been documented as useful for distinguishing both
interspecific and intraspecific variation in Phytophthora species (Bielen in et a1.,
1988, Kennedy and Duncan, 1995, Latorre et al. 1995), and isoelectric focusing,
a complementary electrophoretic technique, has also been used successfully
(Erselius and Vallavieille, 1984) to distinguish among species. However, both
techniques are quite complex and time-consuming. Moreover, their results from
them generally need computer-assisted analysis to be useful in taxonomy.
Cellulose acetate gel electrophoresis (CAGE) is a simple, cheap, rapid and
sensitive technique for isoenzyme analysis, well suited for high throughputs of
samples. It has been used to study inter- and intraspecific variation generally
(Hebert and Beaton 1989), and Oudemans and Coffey (1991 a) used it to
discriminate between Phytophthora species. Isozymes have also been used in
studies of genetic variability in natural populations (Goodwin et al., 1995), gene
flow, hybridization, recognition of species boundaries (Adams et a1., 1987) and
phylogenetic relationships in a number of organisms.
In addition, new
refinements and applications of CAGE have been developed (Murphy, R.W. et al.
1996).
The aim of this study was to develop a fast, cheap and reproducible method for
discriminating
between Phytophthora species and varieties, based on
electrophoretic techniques, and especially isozyme analysis by CAGE.

Materials and methods

Fungal isolates
The origins and designations of Phytophthora isolates examined in this study are
listed in Table 1. The isolates were maintained in sterile water with a single hemp
seed added along with agar slants, and these fungal collection cultures were then
stored in a cold-room at 4°C. For routine growth, they were inoculated onto V8
agar plates and incubated for 7-10 days in the dark in ambient temperature.

Mycelia production and enzyme extraction
Ten agar plugs (5 mm diam.) were cut from the margin of an actively growing
Phytophthora colony on V8-agar and added to an Erlenmeyer flask containing
100 ml V8-juice broth. After incubation in the dark at 20°C for ten days, the
resulting mycelial mat was washed with distilled water on a sieve fitted with an
EDEROL filter (Olsson, 1995). The agar plugs were discarded and excess water
removed by gently blotting the mats between filter papers inside paper towels.
Wet weight was recorded and the mycelial sample was packed in aluminium foil,
frozen in liquid nitrogene and stored at -20°C until extraction.
For enzyme extraction, each frozen mycelial mat was ground in a mortar on ice in
Tris extraction buffer, pH 6.8 (50 mM, TrisHCI, 20 mM MgS04, 10% glycerol (v/v)
and 0.1 % B-mercaptoethanol (v/v)), together with a small amount of sterile sea
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sand. For each gram of mycelia, 800 III of extraction buffer was added. The
resulting homogenate was centrifuged at 12000 rpm at 4°C for 30 min in a
refrigerated microfuge (Eppendorf). To avoid repeated freezing and thawing, the
supernatant was divided into several small batches, which were stored at -84°C
until carrying out electrophoresis.

Isoelectric

Focusing

(IEF) on Polyacrylamide

Gel (PAGE)

Isoelectric focusing on horizontal polyacrylamide gel electrophoresis (PAGE) (pH
range 3.5-9.5) were performed under native protein conditions using a Pharmacia
Multiphor II system on ultrathin gels (0.4 mm). A broad pi calibration Kit for PAA
gels containing Pharmalyte 3-10 (Pharmacia) was included. Each isolate was
assayed three times. The power supply (Pharmacia ECPS 3000/150) was run at
1500 V, 15 mA, 25 W during pre-electrophoresis (30-40 min) and at 1500 V, 50
mA, 30 W during electrophoresis (60-90 min). The gels were stained according to
the Coomassie (R 250) staining method.

Isozyme analysis

by Cellulose Acetate Electrophoresis

Cellulose acetate electrophoresis (Helena Laboratories, Beaumont, Texas, USA)
was carried out under native conditions with a Super Z·12 applicator kit, Titan III
precast cellulose acetate plates (76x76 mm), and 0.5-1 III of extract per sample.
Electrophoresis was run at 200 V fo'. 25 minutes using a Pharmacia power
supply. The current flow varied with ti ," bufier system but was approximately 2
mNplate with Tris Glycine (TG) buff,n (Hebert and Beaton, 1989). Specially
made glass-weights for the gel-plates were used to assure good contact between
the gel and wicks during electrophoresis for more reproducible results.
Twenty three different enzyme systems were examined, generally with the
staining procedures of Hebert and Beaton (1989) (Tables 2 and 3). To make
tests easier and faster, the standard melted agar overlay was replaced with a
filter paper overlay (EOEROL filter, no. 2601, 40 g m'2, cut to 80x80 mm). Mill Q
water (2 ml) was included in all staining recipes, except for ACON, where Tris
HCI buffer was used instead.

Image analysis of gels
After staining, gels were washed in running tap water for 20 min. and immediately
photocopied. A series of pictures on a range of grey scales were taken to reveal
all interesting bands, and to get a balanced picture for analysis. The gels then
were blot-dried and fixed in an oven at 60°C for 10 min. Photographs were taken
on a light-table with black paper around the gel.
The dried gels, which were stored, could be scored again after soaking in water.
Any loss of colour intensity after drying could be compensated for by holding
them in front of a bright light. The scores from dry gels and photocopies of
important diagnostic enzymes (GPI, MOH, LOH and IDH) were compared and
plotted in a diagram that was used as a key to differentiate Phytophthora species
and varieties (Fig. 2 a-d).

Results
Native protein analysis
Isoelectric focusing (IEF) with native proteins on ultra-thin polyacrylamide gels
(PAGE) revealed several differences useful for distinguishing among P

cactorum, P. citrico/a, P. idaei and P. fragariae. It also distinguished between the
two varieties of P. fragariae (Fig. 1), but not between the isolates of P. cactorum
that were examined. However, being laborious and time consuming to run, as
well as being difficult to interpret, large IEF gels were impractical for routine
diagnostic studies.

Fig. 1. Native mycelial protein profiles of Phytophthora cactorum CH 17-19, P.
idaei CH 22, P. citrico/a CH 23, P. fragariae var. fragariae CH 33 and P. fragariae
var. rubi CH 20, CH 21 and CH 30 differentiated by isoelectric focusing on ultra
thin polyacrylamide gel.

Isozyme analysis
Twenty three enzymes (Table 2.) were tested as isozyme markers. Four (IOH,
LOH, MOH, and PGI) were chosen to investigate further for use as diagnostic
markers for separating Phytophthora species and varieties. Also, an Isozymekey was created (Fig. 2. a, b, c, d) which.:jncludeG seven species and two
varieties reported from raspberry and strawberry' plants, and in addition some
polymorphic isolates. The technique gave high reproducibility, was rapid and easy
to use, and the total time for running, staining and fixing two cellulose acetate gel
plates with 20 samples took about an hour. Furthermore, excellent activity and
resolution in CAGE was achieved with the use of only one buffer, Tris-Glycine
(TG).
The electromorphs from PGI, MOH, IOH and LOH were chosen as the most
appropriate diagnostic markers for identification of P. fragariae varieties, P.
citrico/a, P. cactorum, P. idaei, P. drechs/eri, P. megasperma and P. cambivora.
However, PGM, G6PDH and ME also proved to be valuable. No bands were
recorded for AO, EST, FUM, GOH, GPDH, HEX, PEP, POX and XOH. The
enzymes ACON, AOH, GOT, G3POH, MPI, 6PGDH and TPI were too
inconsistent for routine diagnostic work.
Polymorphisms were detected in P. cambivora (CH 107), P. citrico/a (CH 126), P.
drechs/eri (CH 52), P. fragariae var. rubi (CH 150) and P. megasperma (CH 69
and CH 124) for the dimeric enzymes PGI, MDH and IDH, Table 4. There were
no polymorphisms with these isozymes in the twenty-four isolates of P. cactorum
or the ten isolates of P. fragariae var. fragariae that were tested. The P. fragariae
varieties, P. drechs/eri and the P.megasperma isolates can easily be separated
by staining for PGI, IDH and LOH. Staining for MOH, IDH and LOH not only
separates separates P. (ragariae varieties, P. drechs/eri and P. megasperma, but
also separates P. citrico/a, P. cactorum (including pathotypes), P idaei and P.
cambivora, see Table 1).

Fig. 2 a-d. Band pattern from electrophoresis of Phytophthora species and
varieties differentiated on cellulose acetate gels stained for a. PGI, b. MOH, c.
IOH and d. LDH.
Fig. 3. Photograph of PGI gel band pattern from P. fragariae var. rubi CH 20, CH
21, CH 30, CH 74-76, P citricola CH 23, P. megasperma CH 69. P. fragariae var.
fragariae, CH 26 and CH 28.
Fig. 4. Photograph of MOH gel band pattern from P. cactorum, (Malus collar), rot,
CH 64 and CH 66, Pcitrico/a, CH 23, P idaei, CH 22, and P cactorum,
(strawberry crown rot) CH 07-18.
Fig. 5.Photograph of MOH gel band pattern from P. cactorum CH 04, P fragariae
var. rubi, CH 20, 21,30, and 74-76, P megasperma, CH 69, and P fragariae var.
fragariae, CH 26 and 28.
Fig. 6.Photograph of LOH gel band pattern from P fragariae var. rubi, CH 139154, P fragariae var. fragariae, CH 84 and CH 158 and P citricola, CH 23.

Discussion
Electrophoretic investigations studying " ··<:teir,profiles have been used in various
occasions as an aid for identificatior '.., Phytophthora species. However, in
studying banding patterns from native proteins on isoelectric focusing gels, no
intra-specific or intra-varietal differentia~ion were found concerning isolates of P.
cactorum, P fragariae var. fragariae or P. fragariae var. rubi. Wilcox et al. (1993)
used polyacrylamide gel electrophoresis as part of an investigation of two
collections of highly pathogenic raspberry isolates from Europe and USA, which
later were classified as P fragariae var. rubi. Regardless of geographic origin,
both of these collections of isolates formed a homogenous group based on
protein electrophoretic banding patterns. In protein patterns, the group was
clearly differentiated from recognized isolates of P. erythroseptica,
P.
megasperma and P cambivora, but were very similar to the patterns of P.
fragariae from strawberry and loganberry, although small differences in banding
pattern were detected. By using the method described here, a clear
discrimination between Phytophthora species P cactorum, P. idaei, P citricola
and P fragariae) and also between the P. fragariae varieties was recorded, Fig.1.
Bielenin et al. (1988) investigated relationships among Phytophthora species
(e.g. P. cactorum)
using banding patterns from polyacrylamide
gel
electrophoresis of both native and of SOS-dissociated proteins. They found that
P cactotum isolates were divided in two groups based on native protein studies
and that the minor group contained six American strawberry isolates.
Comparable results was recorded also from isozyme analysis by Oudemans and
Coffey (1991a) who described that P. cactorum could be divided into two
electrophoretic types (ET). The second ET group also contained two isolates
from diseased strawberry plants in New York. However, no intra-specific
differentiation of P cactorum was recorded from SOS-dissociated proteins by
Bielenin et al. (1988). Kennedy and Ouncan (1995) investigated the relationship
between P idaei, P. cactorum and P. citricola isolated from raspberry plants by
separating SOS-dissociated mycelial proteins on polyacrylamide gels. No intraspecific variation was recorded within isolates of P idaei or P.cactorum, but interspecific variation was recorded from the latter species which, based on native
protein studies, differed in a few bands from P. idaei. The similarity between the
two groups was calculated to 84% by Kennedy and Duncan (1995). They found
that Pcitricola was discriminated from all Phytophthora species, and one of the

three P. citricola isolates that were analyzed presented a unique banding pattern.
This finding accords with records from isozyme analysis by Oudemans and
Coffey (1991 c) and later Oudemans et al. (1994), and then reviewed by Forster
et al. (1995).

,,~

From a diagnosis point of view, we found these electrophoretic techniques
unsuited for fast, economic and reproducible discrimination of Phytophthora
species and varieties. Therefore we also evaluated isozyme electrophoretic
techniques that use cellulose acetate gel. These two independent isozyme
systems readily discriminated between the two P. fragariae varieties. The first
system comprised the enzymes PGI (Fig. 3), IDH and LDH (Fig. 2 a, c, d). Since
the PGI is a highly reactive dimeric enzyme, it can readily be detected in material
stored for several months at -20°C (Olsson unpublished). In the second system,
the enzymes MDH (Fig. 5), IDH and LDH were used (Fig. 2. b, c, d). The dimeric
enzyme MDH demonstrated good resolving power and distinctly separated both
monomorphic and polymorphic electromorphs of the two P. fragariae varieties.
The enzymes IDH and LDH (Fig.6) enhance the separation of P. citricola from P.
fragariae var. rubi. These two enzymes also clearly discriminate between P.
cactorum and P. idaei (Fig. 2 b and Fig. 4). These results show that isozyme
differences have as much potential to discriminate among closely related species
as do differences in the internal transcribed spacers (ITS1 and ITS2) of the
genomic ribosomal RNA gene repeat. Interspecific differences in ITS sequences
between the two varieties of P. fragariae, and also between P. cactorum and P.
idaei, were calculated to less than 0.005 in each case (Cooke and Duncan,
1997). This represents a difference of one base in ITS1 and four in ITS2 between
P. cactorum and P. idaei, and one base each in ITS1 and ITS2 of the two P.
fragariae varieties (Cooke and Duncan, 1997).
In these investigations no polymorphism was recorded within P. cactorum and P.
fragariae var. fragariae for the dimeric enzymes IDH, MDH, and PGI (Table 4.),
suggesting limited variation within these two taxa. However, no differentiation was
recorded between the Malus collar rot pathotype and the Fragaria crown rot
pathotype of P. cactorum (ct. Fig. 4). Forster and Coffey (1992) also recorded
very limited genetic diversity among P. fragariae isolates by comparing mtDNA
restriction fragment patterns (RFLPs) of P. fragariae isolates from strawberry and
loganberry, and later from experiments using ITS sequences analysed by Cooke
and Duncan (1997).
The isozyme electrophoresis on cellulose acetate gels used in this study readily
discriminated among Phytophthora
species and varieties, and proved to be
reproducible, specific, fast and cheap. Thus, it may be a valuable alternative and
complement to DNA techniques (Cooke and Duncan 1997).
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Table 2. Enzymes and buffers used in the isozyme analysis
Enzvme fEC number)
Aconitase (EC 4.2.1.3.)
Alcohol Dehydrogenase (EC 1.1.1.1 )
Aldehyde Dehydrogenase (EC 1.2.1.5)
Esterase (EC 3.1.1.1)
Fumarate Hydratase (EC 4.2.1.2)
Glucose Dehydrogenase (EC 1.1.1.47)
Glucose-6-Phosphate
Dehydrogenase (EC 1.1.1.49)
Glutamate-Oxaloacetate
Transferase (EC 2.6.1.1)
Glyceraldehyde-3-Phosphate
Dehydrogenase
(EC 1.2.1.12)
Glycerol-3-Phosphate
Dehydrogenase (EC 1.1.1.8)
Hexokinase (EC 2.7.1.1)
Isocitrate Dehydrogenase (EC 1.1.1.42)
Lactate DehyJrogenase (EC 1.1.1.27)
Malafe Oe"y''''gen'3.se
(EC 1.1.1.37)
Malic Enzym6 IEC 1.1.1.40)
Mann::;se-Pr)- ,>r.ate Isomerase (EC 5.3.1.8)
Peptidase (t::C 3.4.11 or 3.4.13)
Peroxidase ,EC 1.11.1.7)
6-Phosphogluconate
Dehydrogenase (EC 1.1.1.44)
Phosphoglucomutase
(EC 2.7.5.1)
Phosphoglucose Isomerase (EC 5.3.1.9)
Triose Phosphate Isomerase (EC 5.3.1.1)
Xanthine Dehydrogenase (EC 1.2.1.37)

ACON
ADH
AD
EST
FUM
GDH
G6PDH
GOT

Buffer

Reference

Phosphate
TG
TG
Phosphate
TG
TG
TG
TG

b
b
b,c
b
b
c
b
b

G3PDH TG

b

GPDH
HEX
IDH
LDH
MDH
ME
MPI
PEP
POX
6PGDH
PGM
PGI
TPI
XDH

b
b
b
b
h
b

Phosphate
TG
TG
TG
TG
TG
TG
TG
TG
TG
TG
TG
TG
TG

r.'

a

c
b
b
b
b

aGodwin et al., 1994; bHebert & Beaton, 1989; cRichardson et aI., 1986.
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Recipies for all tested enzymes, except Glucose Dehydrogenase (GDH) and Peroxidase
(POX), are based on Hebert and Beaton (1989) with slight modifications. The GDH recipy is
modified from Richardson et al. (1986). and the POX recipy is modified from Soltis and Soltis
(1989).
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Table 4. Polymorph isms recorded from dimeric enzymes in some
Phytophthora species and varieties. Polymorfisms per total amount
of isolates.
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Occurence of the alder (Alnus glutinosa L.) decline in
Sweden and affinities of the causal Phytophthora pathogen
as assessed by isozyme analysis
Christer H. B. Olsson
Plant Pathology and Biocontrol Unit, SLU, P.O. Box 7035, SE-750 07 Uppsala, Sweden.

Key words: Alder, Phytophthora,

stem bark lesions

Abstract
In 1996, a Phytophthora sp. was isolated from bark lesions on the stem bases of diseased alder trees on
the banks of the river Savean in Gothenburg, Sweden. It was pathogenic to alder seedlings in pot tests
and in its morphology and cultural characteristics, it resembled the alder Phytophthora originally from the
UK. Although clearly similar to P. cambivora, the Swedish alder isolates could be distinguished from it on
the bi4~is of their homothallism, disrupted gametogenesis, having only small amounts of aerial mycelium
on .1::,.- .. , and a lower maximum growth temperature. In isozy:-'" studies, all but one of six Swedish isolates
form':l(! a distinct group with associations to P. cambivora 8:1d P. fragariae var. fragariae. The exception
was closely related to a British isolate from alder.

Introduction
A serious Phytophthora disease of alder was first recorded in the UK in 1993 (Gibbs, 1994, 1995). Since
then, this disease have been detected in Lower Saxony in Germany (Hartmann 1995), France (Alain
Baudry, INRA, Bordeaux, pers. comm.), the Netherlands (C. van Dijk, NIOO, Wageningen, pers. comm.)
and, most recently in Austria (T. Cech, Forstliche Bundesversuchsanstalt, Wien-Sch6nbrunn, pers.
comm). The cause is a Phytophthora sp. that closely resembles P. cambivora but has some distinctive
features of its own (Brasier et a/., 1995). The appearance of this new disease caused by an apparently
new species, and possible implications for quarantine, prompted a report to the EU Standing Committee
on Plant Health in April 1995. Scientists in the various member states were asked to investigate possible
occurences of the disease elsewhere in Europe.
This paper reports the first recorded outbreaks of disease in Sweden and some of the characteristics of
isolates obtained in Sweden. In addition, isozyme patterns of the Swedish and other alder isolates have
been compared with P. cambivora and P. fragariae var. fragariae, the two species nearest to the alder
isolates in phylogenies based on comparisons of the genomic RNA gene tandem repeat (rDNA). (Clive
Brasier, Forestry Commission, Alice Holt, England; and David Cooke and Jim Duncan, Scottish Crop
Research Institute, Dundee, Scotland).

Material and methods
Fungal isolates
Phytophthora isolates from A/nus in Sweden were obtained from dark brown necrotic lesions in the inner
bark of the stem bases of affected alder trees. Small pieces of bark were plated directly onto CMA (Dileo
cornmeal agar) or CV8 (cleared V8) selective agar and incubated in a cool-incubator (night 11°C/day
16°C). Any Phytophthora mycelium growing out from bark pieces on the CMA plates after 48 hours was

2

transferred to CV8- and CMA-selective agar plates (Brunner-Keinath
the dark in 20°C.

&

Seem Oller 1992) and incubated in

Isolates of various Phytophthora spp. used in comparisions (Table 1) were kindly supplied by David Cooke
(Scottish Crop Research Institute, Invergowrie, Scotland), and Clive Brasier (Forestry Commission, Alice
Holt, Wrecclesham, England).
All isolates were maintained both in sterile water and on CV8 agar slants in a cold room (4°C). The agar
cultures will be transfered to new agar slants each year. Cultures in sterile water (including one hemp
seed per vial), will be stored for 3-4 years years.

Production of sporangia and zoospores
Discs of CV8 agar (5 mm diam.) were cut from the edge of actively growing colonies and placed in 20 ml
soil leachate (15 g soil/1000 ml distilled water, mixed for 12 hours, centrifuged 6000 rpm for 15 minutes;
supernatant was stored at 4°C for 3-4 weeks) in a Petri dish (90 mm diam.). The dish was incubated at
• 15°C in the dark for three days, with the leachate cha[lged daily. Observations were made at the edge of
the discs on the third day, using a stereo microscope (Wild Herbrugg M8). If sporangia were present, agar
pieces were cut from the edge of the discs, mounted in a drop of water on a glass slide, covered with a
cover glass, and sporangia measured with a calibrated eyepiece graticule (Leitz Wetzlar, Periplan GF,
10x/M) on a compound microscope at x400 magnification.
Zoospores were released from mature sporangia a short time after exposure of the discs to light at room
temperature. The zoospore solution was stored for a short time in the refrigerator at 10°C to slow
encystment.
Production and homogenization

of of mycelium

Mycelium for isozyme analysis was produced by placing ten agar plugs (5 mm diameter) cut from the
margin of an actively growing colony on CV8 agar, in an Erlenmeyer flask (200 ml) containing 100 ml CV8
juice broth (the broth was the same as CV8 agar without the agar). After ten days in the dark at 20°C, the
mycelium was trapped on EDEROL filter (no. 2601, 40 g m-2 ) and washed with distilled water. The
original agar plugs were cut out and discarded and excess water was removed by blotting the mycelium
between filter papers within paper towels. Wet weight was recorded before packing the mycelium in
aluminium foil. After freezing for one hour in liquid nitrogene, the package was placed in a freezer (-20°C)
for storage until extraction.
Mycelium, together with Tris extraction buffer (50 mM TrisHCI, 20 mM MgS04, 10% glycerol (v/v) and
0.1% B-mercaptoethanol (v/v) , pH: 6.8, and a small amount of sea sand (Merck, cat.no.107712) was
ground in a mortar and pestle on ice. The homogenate was centrifuged in a chilled (+4°C) IEC MicroMax
(11500 rpm, 30 min) and the supernatant stored at -84°C.
Isozyme analysis
Cellulose acetate electrophoresis (Helena Laboratories, Beaumont, Texas, USA) was performed using
native proteins. Super Z-12 applicator kit and Titan III cellulose acetate plates (76x76 mm) were used with
six different enzyme systems: G6PDH (Glucose-6-Phosphate Dehydrogenase, EC 1.1.1.49), IDH
(Isocitrate Dehydrogenase, EC 1.1.1.42), LDH (Lactate Dehydrogenase, EC 1.1.1.27), MDH (Malate
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Dehydrogenase, EC 1.1.1.37), PGM (Phosphoglucomutase,
isomerase, EC 5.3.1.9).

Electrophoresis was was at 200 V for 25 minutes. Current flow varied with buffer but was approximately 2
mAiplate with Tris Glycine (TG) buffer, pH: 8.5, (Hebert & Beaton 1989). One ml each of 0.2-M Na2EDTA
and O.1-M MgCI2 were added to the gel soaking buffer. To improve reproducibility specially made glass
weights were placed on the gel plates to ensure good contact between gel and wicks during
electrophoresis. Staining procedures were as described by Hebert & Beaton (1989) with slight
modifications. For ease and speed, the melted agar (2 ml) in all staining recipes was replaced with with 2
ml of Milli Q water and a filter paper overlay (EDEROL filter, no. 2601, 40 g m'2, cut to 80xBO mm) which
held the staining solution.
Pathogenicity

ml

l'l'
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iF,

EC 2.7.5.1) and PGI (Phosphoglucose

tests

The Alnus isolate CH 161 was inoculated onto twelve Alnus glutinosa plants, 30-50 cm in height. The
plants were grown for two weeks prior to inoculation in a sterile peat-based soil in plastic pots (18 cm in
diam. x 20 cm deep) in a glasshouse (16-18°C, 14 hour light period) to increase their root mass. The stem
bases of six plants were suriace sterilized using 70% alchohol and inoculated with two 5 mm CV8 agar
discs, cut from the edge of an actively :Jrowing fungal colony and inserted into a 2 cm longitudinal cut, 4
cm above the root neck. The cuts were c:}vered with damp cotton-wool, then with parafilm and fi;-lally with
aluminium foil. The remaining plants ':.r.:t'e inoculated using the same procedures but with si!:irile agar
discs. After inoculation, the plants wen", ::ept for ten days in an incubator (temperature: 1Q°C ni~1ht,16°C
day; RH about 80%; 14 hour light period) to promote infection before transferred to a glasshouse
(temperature 16-18°C, and a 14 hour light period). After five weeks, the extent of any lesion around the
wound site was assessed and re-isolations made from the border between necrotic and healthy tissues.

Results
Field observations

8
e

ld

of disease outbreaks

In late August 1996 damaged alder trees (Alnus glutinosa L.) were observed on the banks of the river
Savean, in Gothenburg, west Sweden. Affected trees were dying back at their crowns (Fig.1), and had
bark lesions on the lower parts of their trunks (cankers) (Fig. 2). Some also had tarry spots on their trunks.
Similar symptoms were found on A glutinosa alongside the Savean in Partille and Jonsered, about ten
kilometer east of Gothenburg, and on the stem base of a big alder close to Savean in the city of Alingsas
50 km east of Gothenburg. In August 1998 characteristic symptoms were detected also on the shore of
the lake Stensj6n, about 8 km south-east of the first site in Gothenburg, and clearly separated from the
water system of Savean. All sites have been periodically subjected to flooding. Subsequently, other trees
were found with similar symptoms at various points along the Savean between the sites already
mentioned. Soil samples from two of the sites (Gothenburg and Jonsered) were classified as boulder clay
with varying amounts of humus. The pH of water samples from the Savean was about 7.5.

,s
,x
Isolations from diseased alders
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Isolations from the 'tarry spots' were unsuccessful, but Phytophthora was isolated frequently from the
reddish dark brown inner bark lesions (Fig. 2). Growth from bark pieces was much slower on CV8selective agar plates than on the CMA plates. The growth of bacteria and other fungi was inhibited and
hyphae of Phytophthora could be transfered readily to fresh selective agar.

4

Colony morphology

and growth rates of the Phytophthora

isolated

The alder isolates from Gothenburg (CH 161), Jonsered (CH 162), Partille (CH 166) and Alingsas (CH
167) closely resembled P. cambivora on CMA and CV8 agar. They were homothallic however, but their
gametogenesis disrupted, especially when grown on media with low nutritive value, such as CMA. They
formed slightly woolly aerial mycelia on CV8, but on CMA aerial mycelium was very sparse. All isolates,
except CH 161, grew ca. twice as fast on CV8 than on CMA at 20°C. Growth of isolate CH 161 at 20°C
was significantly faster on both CMA and CV8 than that of isolates CH 162, CH 166 and CH 167
(Duncan's multiple range test, P=O.05) (Table 3). The maximum temperature for growth of the Swedish
isolates CH 161-CH 167 was ca. 32-33°C, compared to ca. 29°C for British alder Phyfophfhora isolates
(Brasier ef al.1995). Maximum temperature for growth of the P. cambivora isolates was ca. 33-34°C
(Brasier ef al. 1995).

Sporangial size and morphology
All six swedish isolates produced sympodially branched sporangiophores with non-papillate, ovoid
spGrangia in abundance on pieces of agar in soil leachate. Mature sporangia frequently formed in pairs on
the s'ame sporangiophore. Sporangia were non-caducous w'ith a large exit pore; sporangial proliferation
was common (Fig. 5) and mature sporangia released large numbers of zoospores. Isolate CH 161
produced smaller sporangia (Length x breadth, 26.8 x 19.1I1m) than the other isolates (L x b, 34.0-37.6 x
24.7-27.9 11m)(Table 4). Equivalent measurements for British alder isolates and P. cambivora were 49.6 x
35.0 ~m and 50.4 x 35.2 ).lm respectively (Brasier ef al.1995).

Oogonia and oospores
Abundant oogonia were formed after about six days on CV8 agar at 20°C. Isolate CH 178 had extremely
bullate oogonial walls (Fig. 4), but otherwise was morphologically similar to the isolates from Siivean (Fig.
3). The alder Phyfophfhora isolates have long, two-celled, amphigynous antheridia, also characteristic for
P. cambivora (Brasier et aI., 1995). Mean oogonial and oospore diameters of the four Swedish isolates
(CH 161-CH 167 (37.6-44.5 11m)(Table 4) were significantly different to those of the English alder isolate
(35.9-40.9 11m)and P. cambivora (44.2-45.7 ~m) (Brasier ef al. 1995) (Duncan's multiple range test,
P=0.05).

Pathogenicity

of isolate CH 161

Bark around the sites of inoculation was a dull green colour and slightly sunken. Re-isolations
demonstrated that the fungus had spread from the point of inoculation into the healthy cambium and in
one plant into the bark and the outer part of the xylem. Live cambial tissue was reduced by about 4050%. The fungus was successfully re-isolated from five of six inoculated alder stems. In contrast, control
plants remained healthy and in their wounded stems healed.
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Isozyme analysis
Results
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obtained

with the enzyme

systems

are shown in Figure 6 and described

below:

PGI: the alder isolates tested gave three different types of banding pattern all of which had one band in
common. This common band occupied a middle position in the patterns of isolates CH 176 and CH 178,
and was the only band in all other alder isolates. Isolate CH 180 had one band on either side of this
middle band whereas CH 176 and CH 178 had two on either side. The single band in the monomorphic
isolates was much more intense than in the polymorphic
isolates, perhaps indicative of gene dosage
effects.
The fastest and slowest migrating bands of isolates CH 180, CH 178 and CH 176 were similar, but the last
two isolates possessed two additional bands between these bands and the 'common' middle band, i.e. a
five-banded
pattern.
Isolates CH 178 and CH 176 could be construed
as occupying
a position
intermediate
between CH 180 and the five isolates CH 161, CH 162, CH 166, CH 167 and CH 171 (CH
161-171 for short). Both P. cambivora isolate CH 107 and P. fragariae var. fragariae CH 177 had a single
band that migrated to the same position as the common band found in the alder isolates.
MDH: CH 161-171 that were monomorphic
for PGI were again monomorphic
and identical to one another
for MDH with one band each. Isolate CH 180 also had one band but this did not migrate to the same
position as the bands in the five identical isolates. Again CH 176 and CH 178 had an intermediate pattern
of three bands that could be interpreted as bein£i composed of combinations
using two different subunit~
from one locus with two alleles in this dimeric en;>:·::~. The smallest and weakest band was fast migratin()
and the largest and strongest
stained band WitS slow migrating;
the third band was intermediate.
Interestingly,
P. cambivora (CH 107) was also ~ ,ewing a three band pattern but the reverse of CH 17F
and CH 178 with the fastest, strongest band congruent with the weakest bands in the alder isolates.
LDH: This is a tetrameric
enzyme, and the band pattern for all isolates was composed of tightly packed,
often thin bands. The five Swedish alder isolates showed identical banding patterns, but the fast migrating
bands in isolate CH 171 stained more intensely. The slowest bands of P. fragariae var. fragariae (CH
177),

stained

intensely

and migrated to the same position as the bands of the five Swedish
alder
The banding patterns of alder isolates CH 176 and CH 178 were again identical,
but migrated much more slowly than those of CH 161-171. Isolate CH 180 produced intense staining in
the slow bands, and migrated close to, but somewhat slower than bands of isolates CH 176 and CH 178.
P. cambivora (CH 107) migrated half way between the two alder Phytophthora isolates (CH 176 and CH
178) and the common migration level of the five Swedish alder Phytophthora isolates (CH 161-CH 171)
and P. fragariae var. fragariae (CH 177).

Phytophthora isolates.

dy

g.
or
lS
te

;t,

G6PDH:
isolates.

There were three types of banding pattern for this tetrameric enzyme in the alder Phytophthora
Isolates CH 176, CH 178 and CH 180 gave similar patterns with this enzyme as for PGI; the only

exception was isolate CH 180 which stained more weakly. CH 161-171 again shared the same banding
patterns, with bands arranged almost symmetrically on either side of the common band. Isolates CH 171
and CH 166 stained most intensely. P. cambivora (CH 107) shared the common band found in the alder
isolates but had another band, the slowest migrating band in any isolate examined. P fragariae var.

fragariae (CH 177) also had the same common
species
IS

stained

band as the alder

isolates.

The bands of the latter two

only weakly ..

in

IDH: All ten isolates have a thick common band, staining somewhat more weakly in isolates CH 180 and
CH 177 than in the other isolates. All alder isolates, except CH 171 and CH 180, had a thin faster

)-

migrating

band, close to the common

band.

01

PGM: All Phytopthora species

and isolates

had nearly identical

banding

patterns for this enzyme.

'
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Discussion
The decline of alder trees at various sites around Gothenburg in Sweden matches the symptoms of alder
decline as described from various other countries in Europe (Brasier et aI., 1995; Gibbs, 1994, 1995;
Hartmann, 1995; Alain Baudry, INRA, Bordeaux, pers. comm.), the Netherlands (C. van Dijk, NIOO,
Wageningen, pers. comm.) and Austria (T. Cech, Forstliche Bundesversuchsanstalt, Wien-Schonbrunn,
pers. comm). The Phytophthora isolates that were recovered consistently from necrotic tissue of Swedish
alders affected by alder decline disease, matched in many respects the description of isolates from alder
in Britain (Brasier et aI., 1995). In pathogenicity tests, they produced lesions, albeit limited in size, that
were typical of alder decline, and from which they were readily re-isolated. There can be therefore, little
doubt that alder decline, caused by Phytophthora and found in much of the rest of Europe, is also present
in Sweden.
The limits of variation in the causal Phytophthora have yet to be determined. Swedish isolates were in
some respects different from other alder isolates studied by Brasier et al. (1995). Their upper temperature
limit for growth on CMA and CV8 agar at 32-33°C was higher than that recorded for British isolates and
close to the limit recorded for P. cambivora (Brasier et al. 1995); mean growth rate at 20°C on CV8
medium, was about half that of British isolates; and they had bigger sporangia than the Swedish isolates.
However, not all Swedish isolates were identical. Isolate CH 161 grew faster than the others and had
smaller sporangia. There was also clear variation among them in oogonium and oospore diameters
(Table 5). These data, although from a small number of isolates, suggest that some variation exists within
and between European populations. However, they generally support the taxonomic separation between
P. cambivora and the new alder Phytophthora proposed by Brasier et al. (1995). The high level of
unsucce'S.sf~1gametogenesis observed also support the suggesti6R'that the alder Phytophthora might be a
hybrid, p~rhaps with P. cambivora as a possible parent.
.;~.-.-

That there is a close relationship between P. cambivora, P'fragariae var. fragariae and the alder
Phytophthora is evident from the isozyme analysis (Fig. 6 a-b). The Swedish alder isolates from the Save
river (CH 161, CH 162, CH 166 and CH 167) clustered with the isolate from Ljungbyhed (CH 171) to form
a single group, whereas the isolate from Stensjon (CH 176) formed another group with the British isolate
from Doncaster (CH 178). Both the Swedish variant (CH 176) and the British isolate CH 178 produced
three heterozygous bands for the dimeric MDH enzyme, a pattern that would fit with a hypothesis in which
were hybrids between parents, one of which was similar or identical to the UK variant (CH 180) and other
to commonest Swedish type represented by isolates CH 161-CH 171. Isolates CH 176 and CH 178 also
had a five banded electromorph for dimeric PGI, pattern very similar to that observed in tetraploid plant
species with four alleles at the PGllocus (e. g. Acquaah, 1992). One possible interpretation of these
results is that CH 176 and CH 178 represent an autotetraploid hybrid derived from a cross between two
very similar diploid species, or forms of one species, as might be represented on one hand by CH 180 and
on the other by CH 161-CH 171. In any case, both diploids and the tetraploid derived from them produce
fertile oospores.
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Table 1. List of fungal isolates studied
Isolate

SQecies

Host Qlant

Origin

Reference

CH
CH
CH
CH
CH
CH
CH
CH
GH
CH

P. fragariae var. fragariae
P. cambivora
P.
P.
P.
P.
P.
P

Fragaria sp.
Rubus sp.
Alnus glutinosa
Alnus glutinosa
Alnus glutinosa
Alnus glutinosa
Alnus glutinosa
Alnus glutinosa
Alnus glutinosa
Alnus glutinosa

Sweden
Scotland

SCRI/CAM1"

177
107
161
162
166
167
171
176
178
180

P.
P.

Sweden, Gothenburg
Sweden, Jonsered
Sweden, Partille
Sweden. Alingsas
Sweden, Ljungbyhed
. :;weden. Mblndal
IK, Doncaster
UK. Thirsk

• SCRI = Scottish Crop Research Institute

NAD
NAD
MTT
------250
2ml
20ml
G6PDH
2(mq)
lOml
PMS
NAD
ml
Cofactor
ml
Glucose
1-Ph.
1.5ml
1.5
mlTris HCI
Other
250ml
250
NADP
1.5
1.5ml
Dye
2(pH.
MTT
ml
50ml
50
Salt
ml
400ml
250ml
Substrate
1
DL-Isocitric
lithi
Malic
Fructose-6-Ph.
D-Gluc.6
M.7.5,
250
250ml
um
MTT
500
substrate
lactate
ml
ml
Phos.
acid
0
0.1
.1
M
8.0)
MQ
Catalyst
mq):j:
(units)
H2O
H20y
Cone.)
Ii650ml
pH
300
(mq)
600
(pH
~I
7.0)
80)
750
ml
250
(mq)t
enzyme
H20q
H20#
~I
$~I(mq)
MgCI2
Mg
CI2
Table
2.
Chemicals

and substrats used in the enzyme procedure
linking

C. Brasier/P772
C. Brasier/P841

8

§

G6PDH is Glucose-6-Phosphate

t

MTT is 3-[4,5-dimethylthiazol-2-yIJ-2,5-diphenyltetrazolium

$

PMS is phenazine methane sulphonate.

*

NADP is b-nicotinamide

q

Add 100 ml pyrazole 50 mg/ml.

Dehydrogenase.

adenine dinucleotide phosphate;

#

Add 100 ml, (50 mg/ml), of each pyrazole and pyruvate.

y

Substrate, a-D-Glucose

i-phosphate,

bromide. FBBB is Fast Blue BB salt.

NAD is b-nicotinamide

adenine dinucleotide.

is a mix of SIGMA product no. G 1259 and G 7000.

Recipies for the enzymes are based on Hebert and Beaton (1989) with slight
modifications.
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Table 3. Mycelial mean 1 growth rates (mm/24h) of Swedish Alder Phytophthora isolates
as measured on CMA and CV8 agar.
Isolate
20°C

0.2
0.1
0.0
0.1
0.0
0.3
0.5
0.6
±±± 0.0
0.1
0.0
1.6
0.1
33°C
31°C
29°C
2.6
1.3
n.\.2
1.5
±
±0.1
0.3
0.2
n.t.
Growth

on CMA aqar at

1)

Means (n=5) ± standard errors (P=0.05).

2)

Not tested.

Growth on CV8 aQar at
20°C
29°C
31°C
35±03

1A±0.2

03±0.1

a2±02

1.6±0.6

04±0.1

Z9±01

1.7±0.4

02±0.1

2.8±01

1.3±0.3

03±0~

n~

nj.

05±01

33cC
OO±OO
OO±O~
OO±O~
OO±O.O
OO±O.O

Table 4. Mean oogonia (oospores) diameters, antheridial and sporangiallength (L)
and breadth (B) of four Swedish alder isolates (micrometre) :
Isolate

0090nia.

24.7±2.1
27.9
19.1
33.3
35.1
39.0
37.5
37.5
26.8
27.6
27.2
25.8
± 0.6
2.1
±
0.7
0.9
1.0
3A
2.9
1A
27.0
18.9
19.5
18.7
37.6
34.0
24.2
0.7
2.5
3.8
3.0
1.3
17.1
40.6
42.6
0.9
B
L± ±±2.7
44.5
37.6
1.1
0.7
B
Antheridia
Oospores
Oogonia
Sporanqia

oospores and antheridia:

± standard errors (P=0.05).

means (n=40-50) ± standard errors (P=0.05).

Sporangia.

means (n=30)
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Fig.1

Dying Alder (Alnus glutinosa L.) along the river bank of Si:ivean, Gothenburg.

Fig.2 Typical wound at the stem base from a torn off branch. The arrows points at the cambium tissue
attacked, and stained reddish dark brown, by Phytophthora infection.

Fig. 3 Oogonia with oospore and two-celled, amphigyne antheridia from Alder Phytophthora.

Bar 10 micrometre.

Fig.4 Heavily bullate oogonia with oospore and two-celled, amphigyne antheridia from Alder
Phytopnthora.

Bar 1c: nlicrometre.

Fig. 5 Non-papillate, ovoid sporangia from Alder Phytophthora.

Bar 10 micrometre

Fig. 6 Isozyme profiles a. PGI, b. MDH from the Alder Phytophthora Isolates
compared to P. cambivora and P. fragariae var. fragariae.
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