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Abstract

Glyphosate synergistic interaction (GSI) refers to the enhanced
efficacy of sublethal doses of glyphosate to plants in the presence of
certain soil fungi. Information on the role of Pythium in GSI is lacking,
therefore, the following topics were investigated: Pythium species capable
of GSI and their distribution in soils; host-specificity of glyphosate
synergistic Pythium (GSP); virulence of GSP to healthy seedlings in the
absence of glyphosate; relationship of characteristics of Pythium such as
in-vitro growth and virulence to an isolate's efficacy as a synergist; and
the effects of glyphosate-treated plants on the populations of natural and
introduced Pythium in soil.

Thirty-nine Pythiuwm isolates representing 14 species were tested
for GSI on 2-week-old bean seedlings. To identify GSP, LDg values for
glyphosate on seedlings grown in sterilized soils (control) and in soils
amended with each isolate were separately estimated. The magnitude of
differences in LDgg between Pythium-amended and control soils varied
between species and among isolates within species. The GSP were widely
distributed in four agricultural soils and one virgin soil. No host-
specificity as glyphosate synergists was found among the isolates
obtained from roots of glyphosate-treated bean and wheat plants, or
among isolates from various untreated hosts. Most isolates tested were
pathogenic to varying degrees on germinating seeds of wheat, corn, bean,
pepper and sunflower. In-vitro growth and virulence by the various
isolates were poorly correlated with their efficacy as synergists.

Natural Pythium populations in organic soil, and populations of
individual GSP and non-GSP introduced into sterilized soil, were



increased by foliar application of herbicides to bean seedlings growing in
the soil, or by amendment of the soil with heat-killed bean roots. Strong
positive correlations were observed between population estimates for
Pythium obtained by dilution plating of these soils and damping-off in
sunflower seedlings which indicate that herbicide treatment of plants
may cause temporary increases of Pythium populations and damping-off
in soils.

The research shows that diverse Pythium isolates can enhance the
efficacy of a sublethal glyphosate dose. The role of Pythium species in GSI
was attributed to their inherent character as opportunistic and pioneer

colonists of virgin organic substrates in soil.
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Chapter I
GENERAL INTRODUCTION

The subject of this thesis is the study of interactions that occur in
glyphosate-treated plants between the herbicide glyphosate and members
of the soilborne fungus Pythium. In studying complex relationships such
as this, it is necessary to have adequate background information about
the major factors involved in the interaction. This information is needed
to formulate hypotheses and for selection of appropriate methodology
and techniques required to carry out the experiments. Relevant literature
reviews on glyphosate and Pythium are presented in the following two

sections.

Section 1. Glyphosate

Glyphosate Development History

In the late 1960's, a search for herbicides that were effective at low
rates and environmentally safe became a major goal of various chemical
companies. To develop a herbicide with these desirable characteristics,
researchers looked for compounds that only affected the biochemical
pathways unique to plants. One such compound, glyphosate (N-
[phosphonomethyl] glycine), was discovered in 1971 by researchers at
Monsanto Agricultural Products Co. (Baird et al., 1971).

Many unique physical, chemical and biochemical properties of
glyphosate made it one of the most widely used broad spectrum, non-
selective, post emergence herbicides in the world. Glyphosate is a water

soluble herbicide which is readily absorbed through foliar tissues and is



translocated to the meristematic regions of plants (Gougler and Geiger,
1981). The translocation and accumulation of glyphosate in planf
meristems enable it to control perennial weeds that are extensively
rooted and vegetatively propagated, such as couch grass (Agropyron
repens), thistle (Cirsium arvense), nutsedge (Cyperus spp.), etc.
(Sprankle et al., 1975). Negligible mammalian toxicity is the most
significant characteristic of glyphosate. The acute toxicity of glyphosate
in mammals is less than that of table salt, and long term tests in rats
demonstrated no teratogenic, mutagenic or carcinogenic effects

{Grossbard and Atkinson, 1985).

Uses of Glyphosate

Glyphosate is sucessfully marketed in 119 countries under various
tradenames, such as Roundup®, Vision®, Rodeo® and Kleenup®. It is
labelled for use on more than 50 agricultural crops and also for
application in industrial and forestry sites (Grossbard and Atkinson,
1985). Its varied use is limited only by its lack of selectivity. In worldwide
farming situations, it is sprayed prior to cultivation of fallow land, and in
minimum tillage or non-tillage systems, it is applied prior to direct
planting of crops (Terry, 1985). Glyphosate has been used for aquatic
weed control in many countries (Barrett, 1985), and is also applied as a
desiccant to hasten maturation of crops (Whigham and Stoller, 1979).
Forestry uses of glyphosate involves late summer applications to control
competing vegetation in conifer reforestation areas (Lund-Hoie, 1985).

In Canada, glyphosate is currently registered for pre-plant and
post-harvest control of annual and perennial weeds in continous,

summerfallow and minimum tillage cropping systems (Spencer, 1973). It



is also used for control of woody brush and trees on rights-of-way, and
for directed application in orchards, vineyards and shelterbelts.
Glyphosate is used for control of undesired woody and herbaceous
species for site preparation, and conifer release in forestry and woodland
sites and in forest nurseries. Several dilute formulations of glyphosate
are registered for home garden use (Doliner, 1991).

Glyphosate was approved for pre-harvest weed control and as a
harvest managemen: tool (crop desiccant) in Canada in 1991 (Doliner
and Stewart, 1992). With these newly approved uses for glyphosate,
some predictions are that as a crop desiccant, glyphosate might be

applied to 5 to 10 million hectares of prairie croplands (Rahe et al,
1990).

Mode of Action

Extensive literature reviews on the biochemical basis of glyphosate
phytotoxicity have been done by Cole (1985) and Coggins (1989).
Elucidation of the target site of glyphosate action in plants began when
Jaworski (1972) observed that in Lemma gibba, a tiny aquatic plant
called duckweed, aromatic amino acid levels were reduced after
glyphosate treatment. Jaworski also reported that growth inhibition by
glyphosate in duckweed was suppressed by the addition of aromatic
amino acids, such as L-phenylalanine, L-tyrosine and L-tryptophan to
the medium. Jaworski suggested that since these amino acids were
produced from the shikimic acid pathway, glyphosate may have affected
a metabolic step in the pathway.

The theory of aromatic amino acid depletion by glyphosate was

strongly supported by subsequent in-vitro experiments. Gresshoff (1979)



demonstrated the reversal of toxicity by aromatic amino acids in
Escherichia coli, Chlamydomonas reinhardii, and in tissue culture cells of
carrot (Daucus carrota) and soybean (Glycine max). However, attempts by
a number of researchers to reverse glyphosate-induced inhibition of
growth within intact plants by amino acid applications were only
partially successful (Hoagland and Duke, 1982). The contrasting results
rom experiments involving intact plants have led to investigations of
other possible modes of action for glyphosate. Various researchers have
observed that treatment of intact plants with glyphosate affects normal
physiological processes, such as chlorophyll synthesis (Hollander and
Amrhein, 1980; Kitchen et al., 1981; Lee, 1981), protein synthesis (Cole
et al., 1983), auxin production (Lee, 1982), and ammonia accurnulation
(Cole et al., 1980). While these physiological effects were commonly
proposed as part of the mechanism of glyphosate phytotoxicity, some
researchers interpreted them to be secondary effects since they were not
consistently exhibited by a variety of plants.

Definitive proof supporting the proposed mode of action of
glyphosate in plants as suggested by Jaworski in 1982 originated from
observations of analogous effects of glyphosate in bacterial cells.
Steinrucken and Amrhein (1980) clearly identified the shikimic acid
pathway as the specific target site of glyphosate in bacteria. Confirmation
of this mode of action for glyphosate came when plant cell cultures and
bacterial cultures grown in the presence of moderate concentrations of
glyphosate were found to adapt and grow at nearly normal rates by over-
expressing genes responsible for 5-enolpyruvylshikimate-3-phosphate
(EPSP) synthase, an enzyme found in the shikimic acid pathway
(Amrhein et al., 1983; Nafziger et al., 1984). Other researchers showed



that glyphosate resistance in bacteria could arise by the acquisition of a
glyphosate-resistant form of EPSP synthase by mutation (Comai et al,
1983).

Recently, several researchers have cloned and transferred different
forms of EPSP synthase genes from various glyphosate-resistant bacteria
into tissue-cultured plant cells to produce glyphosate-resistant
transgenic plants {Comai et al., 1985; Fillati et al., 1987). This
remarkable result provides definitive evidence that the primary mode of
action of glyphosate in intact plants is the inhihition of EPSP synthase.
Inhibition of this enzyme prevents formatior. of the aromatic amino acids
L-phenylalanine, L-tyrosine and L-tryptophan which are essential for
protein synthesis. It is now clear that inhibition of EPSP synthase also
prevents the formation of precursor compounds needed for secondary
metabolism in plants, which explains various other physiological

responses observed by researchers in glyphosate-treated intact plants.

Direct Effects of Glyphosate to Soil Microorganisms

Since the shikimic acid pathway is present in microrganisms as
well as in plants, it is not surprising that glyphosate also affects
microorganisms in soil. Direct in vitro toxicity of glyphosate to various
saprophytic, pathogenic, and ectomycorrhizal fungi in monoculture have
been documented by many researchers, and is summarized in reviews
done by Grossbard (1985) and Quinn (1993). A direct comparison of
results from various studies is difficult because of the range of media,
inocula, cultural conditions, and differences in methodology used in the
research. However, it is clear from these studies that glyphosate does

exert some inhibitory effects on growth of many fungi, although often at



higher concentrations than would normally be used in the field. However,
detailed toxicity studies of commercially formulated glyphosate on plant
pathogenic fungi, Septoric nodorum {(Harris and Grossbard, 1979) and P.
ultimum and P. sylvaticum {Liu, 1995) has shown that the non-active
ingredients of the formulation were also inhibitory to fungal growth.
These results should be considered in drawing conclusions from the
majority of the reported glyphosate toxicity studies on various fungi that
uses the commercial glyphosate formulation.

The number of organisms that have been studied with regard to
glyphosate sensitivity is less for actinomycetes and bacteria than for
fungi. Interpretation and comparison of results from these studies is also
difficult, since different methods have been used, and many of the
isolates were not identified. Of the few named cultures that have been
tested, Rhizobium japonicum (Jaworski, 1972), E. coli, and Pseudomonas
aureofasciens {Roisch and Lingens, 1980) were found to be inhibited by
various levels of glyphosate in-vitro. In some studies, researchers
observed that inhibition of bacterial growth by glyphosate did not always
cause cell death (Schulz et al., 1984), and pronounced differences
between species and isolates were noted (Rogers et al., 1983). These
observations have led to studies of mechanisms of glyphosate resistance
in some bacteria which resulted in identification of genes responsible for
the glyphosate-resistant forms of EPSP synthase that were eventually
cloned and used in genetic engineering of glyphosate-resistant plants
discussed earlier (Comai et al., 1983).

There are very few reports of glyphosate toxicity to soil algae.
Glyphosate was found to affect photosynthesis in Scenedesmus spp.
(Van Rensen, 1974), Euglena gracilis (Richardson et al., 1979), and



Chlorella sorokiniana (Christy et al., 1531). It has been suggested that an
algal-based bioassay could be a sensitive tool for quantification of

residual glyphosate in the soil (Richardson et al., 1979).

Indirect Effects of Glyphosate to Soil Microorganisms:

Some of the glyphosate applied in field situations to kill weeds may
reach the soil through root exudation (Coupland and Caseley, 1979) as
well as by direct deposition on the soil surface. Glyphosate is adsorbed
tightly by soil particles (Glass, 1987), and for this reason microorganisms
which are generally inhibited by glyphosate in pure culture on laboratory
media may not be affected in soil. The numbers of propagules of fungi
and bacteria in soil were commonly observed to increase for certain
periods following glyphosate treatment (Rueppel et al., 1977;
Chakravarty and Chartarpaul, 1990). This observation implies utilization
by soil microflora of either glyphosate itself or its degradation products
(Roslycky, 1982). Inhibitory effects of glyphosate were observed in
cellulytic fungi in soil, but inhibition occurred only at concentrations well

above those normally used in agriculture (Grassbard, 1985).

Interactions with plant pathogens. Interrelations between

herbicides and plant pathogens are complex. Literature reviews of
herbicide and plant disease interactions have been done by Altman and
Campbell (1977); Altman and Rovira (1989); and Lévesque and Rahe
(1992). Many herbicides, including glyphosate, may inhibit growth, spore
formation, germination and aggressiveness of plant pathogens, properties
which might be utilized for disease control. Unfortunately, too few data

are available to permit a general conclusion about the potential of



glyphosate for inhibiting spore production by pathogens on treated plant
residues (Grossbard, 1985). The few documented examples of glyphosate
inhibitory effects on spore formation in pathogenic fungi on treated
plants were observed in Rhyncosporium secalis on barley (Grossbard,
1985} and Pyrenophora iritici-repentis on greenhouse-grown wheat
(Sharma et al., 1989).

In contrast, a relatively large number of reports have indicated the
potential of glyphosate-killed plants for providing a gen<sral nutrient
source for microorganisms, including plant pathogens. When glyphosate
was applied as a crop desiccant, it provided fungal pathogens with a
suitable substrate for colonization, and consequently may have furnished
inoculum for re-infection or further primary invasion (Whigham and
Stoller, 1979; Cerkaukas et al.,, 1982). Glyphosate could also influence
re-infection by controlling weed hosts and volunteer plants. Eradication
of such plants might be beneficial if they act as altermate hosts.
Conversely, dead plants could be harmful by making plant residues
available as substrates for colonization. Stedman (1982) showed that
volunteer plants of barley, killed by paraquat or glyphosate, served as a
source of inoculum for R. secalis. Another known indirect interaction was
the enhanced development of Fusarium culmorum on plant hosts
weakened by acetic acid that were exuded from dead or dying rhizomes of
Agropyron repens killed by glyphosate (Lynch and Penn, 1982).

Other examples of indirect interaction of glyphosate have been
associated with the use of glyphosate in agricultural areas. In Western
Australia, extensive crop losses occurred following the use of glyphosate
(Roundup®) immediately before the direct drilling of cereals; these losses

were largely attributed to a seedling root rot caused by Pythium which



built-up to high levels on pasture residues after glyphosate use (Blowes,
1987). Research from Oregon State has demonstrated that Rhizoctonia
solani can be a major problem in no-till spring barley when glyphosate is
used to kill weeds 2 or 3 days before planting, but not when it is applied
3 weeks before planting or when it is used 1 or 2 days after direct drilling
of spring barley (Smiley et al., 1992).

The interactions of herbicides and fungal root pathogens with
special reference to glyphosate was reviewed recently by Lévesque and
Rahe (1992). Their review summarized the most recent evidence of the
impact of predisposition of plants to root diseases by glyphosate. This
interesting indirect effect of glyphosate involves the interaction of three
main factors, namely: glyphosate, plant host and soilborne
microorganisms. The mechanism of predisposition of glyphosate-treated
plants to foliar, stem and root pathogens seems to be well documented.
Glyphosate was found to block the production of the phytoalexin
glyceollin in soy beans inoculated with the stem and root-infecting
fungus, Phytophthora megasperma {. sp. glycinea {Keen et al., 1982) or
with a leaf-infecting bacterium, Pseudomonas syringae, p.v. glycinea
(Holliday and Keen, 1982). Their results demonstrated that inhibition of
glyceollin production rendered soy bean plants susceptible even to
incompatible strains of these pathogens. The production of glyceollin
utilizes phenylalanine and tyrosine as precursors. Pre-feeding
restored glyceollin production and total expression of resistance to the
fungus and partial resistance to the bacterium.

A similar mechanism of glyphosate-induced disease predisposition

of bean hypocotyls was reported by Johal and Rahe (1990). They
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demonstrated that treatment of bean plants with glyphosate reduced
phaseollin production in bean hypocotyls which resulted in the failure of
bean plants to delimit the size of lesions caused by incompatible races of
Colletotrichum lindemuthianum.

Glyphosate-induced predisposition of plant roots to disease was
reported by Brammmal and Higgins (1987). They showed that colonization
of root tissues in tomato seedlings genetically resistant to Fusarium
oxysporum f.sp. radicis-lycopersici occurred following exposure to a
sublethal dose of glyphosate 24 h prior to inoculation. They observed
that the glyphosate-induced colonization was associated with an
inefficiency in incorporation of phenolic materials into the papillae and
into modified cortical cell walls that would normally have formed as
resistance responses to this pathogen. Recent research indicates that
glyphosate did not suppress phytoalexin accumulation in roots of bean
plants growing in a hydroponic system, but did significantly reduce
lignification (Liu, 1995). Although this finding is not consistent with the
results obtained by Holliday and Keen (1982) and Johal and Rahe (1984),
its relevance to explain the glyphosate-induced disease predisposition in
plants is supported by the following reports on the role of lignin in
pathogenesis. Miller et al. (1966) showed that colonization of root cells by
Pythium was limited to those cells that lack secondary cell-wall
thickenings made up of lignin. McClure and Robbins (1942) also
demonstrated that lignification of cell walls limited the advance of P.
splendens in cucumber seedlings. The effect of glyphosate in reducing
root lignification is not surprising, since the main target of glyphosate in
plants, the shikimic acid pathway, is also the source of precursors for

lignin production (Steinrucken and Amrhein, 1984).
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Glyphosate synergistic interaction. In 1984, Johal and Rahe

observed that bean seedlings treated with a certain dose of glyphosate
died when grown in non-sterile soil, but survived in sterilized soil. They
demonstrated clearly that plants died after glyphosate treatment due to
fungal colonization of the roots, principally by the soilborne fungi
Pythium and Fusarium. They called this plant-herbicide-fungus
relationship glyphosate synergistic interaction or GSI.

Confirmation that soil microorganisms can alter the herbicidal
action of glyphosate in plants came from the results of studies by
Lévesque et al. (1992). They showed that seedlings of six different plant
species were less sensitive to glyphosate when growing in heat-treated
soil than in the corresponding natural soil. In autoclaved soil, the
herbicidal effect of glyphosate was restored by addition of an ageuous
extract from natural soil but not if that extract was filtered (0.2 um) or
autoclaved. These findings clearly indicated the role of soil
microorganisms in the lethal effect of glyphosate on various plants
tested.

Results of studies conducted to date have shown that the main
colonizers of glyphosate-treated seedlings are Pythium and Fusarium spp.
(Johal and Rahe, 1984; Lévesque et al., 1993a). Thus, the existence of
GSI in plants is well documented, but basic information regarding the
ecology of glyphosate synergistic fungi (GSF), and possible specificities
between GSF and different plant species is still limited. Hence, a close
examination of the role of soilborne microorganisms in GSI is needed. To
achieve this goal, it is practical to concentrate research efforts on a single

genus of soilborne fungus involved in GSI, to enable examination of the



distribution and host specificity of one glyphosate synergist in various
soils, and the potential pathogenic effects on different plants.

Among the two genera of soilborne fungi that are involved in the
GSI, Pythium appears to be the most promising and important candidate
for extensive study. Lévesque et al. (1993a) showed that in bean and
wheat seedlings grown in pots, colonization by Pythium spp. was detected
at a higher frequency from the roots of glyphosate-treated seedlings than
from the roots of untreated seedlings. Pythium is also one of the most
studied soilborne fungus because several members of this genus are
important plant pathogens (Hendrix and Campbell, 1973).
Understanding the role of Pythium species in the GSI would be made
easier if relevant information regarding the basic biology, activity and
ecology of members of this genus in the soil are known, and this is the

subject of Section 2.
Section 2. The Genus Pythium

In 1858, the genus Pythium was first established by Pringsheim
based upon the descriptions of P. monospermum and P. entophytum, and
was classified under the family Saprolegniaceae. Schroter in 1897 |
transferred Pythium to a new family, Pythiaceae, order Perenosporales,
and class Oomycetes. Since then, its classification has remained
unchanged (Domsch et al., 1980). There were over 200 species described
in old diagnostic keys (Middleton, 1943}, while the most recent
comprehensive classification keys include 87 species and two varieties
(Vander Plaats-Niterink, 1981) and 125 species and four varieties (Dick,

1990), respectively.
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Pythium spp. are widely distributed in nature. Their wide range of
adaptation is indicated by their ability to cause diseases in many plants
(Hendrix and Campbell, 1973), and in some cases in animals, such as
fish (Scott and O'Brien, 1962), insects (Saunders et al.,, 1988) and horses
(Alfaro and Mendoza, 1990).

Biology and Life Cycle of Pythium in Soil:

Pythium spp. have hyaline, irregularly branched, coenocytic
hyphae when young but as the mycelium matures, septa are produced to
separate empty portions of hyphae and to delimit reproductive from
vegetative structures. This fungus typically reproduces asexually by
forming sporangia and sexually by oospores. Sexual reproduction takes
place by formation of oogonia (female) and antheridia (male), and both
structures are present in one individual in homothallic types or in two
different individuals for heterothallic types. Fertilization occurs when an
antheridium touches an oogonium, producing a thick-walled oospore
(Van der Plaats-Niterink, 1981).

Asexual reproduction by zoospore formation from either sporangia
or oospores occurs in some Pythiumn species. This method of reproduction
is also a method of dispersal and is favored by high soil moisture
conditions (Ayers and Lumsden, 1975). The process occurs under wet
condition and starts by formation of a discharge tube from either a
sporangium or an oospore. This is followed by protoplasmic streaming of
the sporangium or oospore contents towards the thin-walled vesicle at
the end of the tube where zoospore differentiation takes place. Agitation
due to zoospore movement causes the vesicle wall to rupture, liberating

the zoospores to swim away propelled by their two lateral cilia. Zoospores
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swim towards the root tips of potential hosts and then encyst as

spherical forms.

Germination Phase. Resting structures such as oospores,

sporangia and encysted zoospores are stimulated to germinate in the soil
by seed or root exudates (Nelson, 1987). Germination takes place by the
production of germ tubes. If the soil environment is unfavorable, the
germinating oospore, sporangia and zoospores may form another resting
structure, or they may be lysed due to antagonistic microbial interactions

(Hendrix and Campbell, 1973).

Infection phase. A germinated propagule forms an infection peg on
the host surface and enters the host tissue directly through the cell wall
or indirectly by intercellular penetration into the host tissues (Endo and
Colt, 1974). The virulence of members of the species is largely
determined by its ability to produce cell-wall-degrading enzymes (Dube
and Prabakaran, 1989). Various pectolytic enzymes have been
demonstrated in the following plant pathogenic species of Pythium: P.
aphanidermatum, P. debaryanum, P. dissotocum, P. irregulare, P.
perniciosum, P. sylvaticum, and P. ultimum (Singh and Singh, 1984).
Cellulytic activity was also shown to be present in P. aphanidermatum, P.
debaryanum, P. graminicola, P. intermedium, P. irregulare, P. sclerotichum,
and P. sylvaticum (Deacon, 1979).

Fungal mycelium invades cortical tissues extensively both intra-
and inter-cellularly (Nemec, 1971). Necrosis of root cells occurs even in
advance of invading hyphae (Koike, 1971). Pythium may invade the stele
tissues through those endodermal cells in which secondary thickenings
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are not completed (Adegbola and Hagedorn, 1969). The pathogen may
form resting structures such as sporangia or oospores on necrotic plant

parts (Benard, 1994).

Saprophytic phase. Pythium may survive in the host tissues as

mycelium, and may further colonize necrotic tissues saprophytically in
the soil before forrning oospores following exhaustion of nutrients or
microbial antagonism (Hancock, 1981). Oospores present in soil may
germinate in the vicinity of a non-colonized substrate and colonize it
saprophytically before forming another batch of oospores (Agnihotri,
1984). Pythium-colonized residues in soil may be attacked by other
microbes, resulting in disintegration of plant debris that contains
Pythium propagules. This facilitates dissemination of inoculum in soil
through tillage and other farming practices. The fungal propagules
remain dormant in soil until they are stirnulated to germinate and repeat

an infection cycle (Burr and Stanghellini, 1973).

Techniques in Pythium Identification

The traditional method for identifying Pythium species is based on
the presence or absence and characteristics of sexual and asexual
reproductive structures and on colony morphology in certain culture
media. Many difficulties are encountered in using morphological
characterestics as a basis for identification of Pythium species since most
of the species have similar structures. The diagnostic structures, when
present, may display environmental variations and as a consequence,
identification errors are common.

The problems associated with phenotypic variation are avoided if

the Pythium genome is characterized directly. Recent advances in DNA
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technology now permit the rapid and reliable characterization of the
genome using restriction endonucleases. This technique provides a new
tool for reliable identification of Pythium species. Martin and Kistler
(1990) found that restriction endonuclease-digested mitochondrial DNA
from 29 Pythium spp. showed distinctly different species-specific
electrophoretic banding patterns. Chen (1992) used differences in the
electrophoretic banding patterns of endonuclease-digested PCR-
generated rDNA internal spacer (ITS) region to differentiate three
heterothallic and five homothallic species of Pythium. DNA probes for
sequences which are conserved within the genus Pythium but are
species-specific have been developed for a limited number of species.
Martin (1991) has constructed probes for P. oligandrum and P.
sylvaticum. Lévesque et al., (1994) have developed a probe for P. ultimum,
and they are currently developing specific probes for other major species
of Pythium.

Other techniques which have been used for Pythium species
identification include differences in cellular proteins (Clare et al., 1968;
Adaskaveg, et al., 1988) and isozymes (Chen et al., 1991). However,
problems in strict standardization of methods were found to be a major
obstacle in obtaining reliable results from these tests. Hence, these
techniques are considered less effective than DNA analysis.

Despite the inherent difficulty associated with using morphological
structures for identifying Pythium, it remains the principal method used
for species identification today. However, DNA pattern differences among
various similar isolates are increasingly used to confirm identifications
based on morphology of reproductive structures. In the near future,

molecular techniques will undoubtedly replace or complement the



traditional method of Pythium identification, and will provide a sound

basis for accurate identification of isolates which do not produce sexual

structures.

Symptoms of Pythium Diseases in Plants:

Damping-off. The damping-off symptoms caused by Pythium vary

with age and stage of development of infected plants. When seeds of
susceptible plants are sown in infested soils and are infected by Pythium,
they fail to germinate, become soft and mushy, then turn brown, shrink,
and finally disintegrate. Seed infections taking place in soil are not
observed, and the only manifestation of disease is poor emergence. Poor
stands are also the result of infection of seedlings by Pythium after the
seeds have germinated but before the seedlings have emerged above the
soil surface. Tissues of young seedlings can be attacked at any point. The
site of infection initially appears as a slightly darkened, water-soaked
spot. The infected area enlarges rapidly, the invaded cells collapse, and
the seedling is overrun by the fungus and dies shortly after initiation of
the infection. In cases were infection of seedlings takes place before
seedling emergence, the disease is called pre-emergence damping-off
(Agrios, 1988).

Seedlings that have already emerged are usually attacked in the
roots and sometimes at or below the soil surface. The succulent tissues
of seedlings are easily penetrated by Pythium, which invades and kills the
cells rapidly. The invaded areas become water-soaked and discolored,
and the cells soon collapse. This stage of infection causes the basal part
of the seedling stem to be much thinner and softer than the above, as yet

uninvaded, parts. Owing to loss of firmness and support in the invaded
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portion, the seedling falls over. The fungus continues to invade the
seedling after it has fallen to the ground, and the seedling quickly
withers and dies. This phase of the disease is called post-emergence

damping-off (Agrios, 1988).

Infection of mature plants and soft rot of succulent tissues. When
older plants are attacked by Pythium, they usually show only small

lesions on the stem. If lesions are sufficiently large or numerous, they
can girdle the plant and cause stunting or death (Kraft and Burke, 1971).
More commonly, infection of older plants is limited to rootlets. Infected
roots of mature plants are damaged and frequently killed by the fungus,
resulting in stunting, wilting, and eventual death of the shoots
(Roncadori and McCarter, 1971; Mircetich, 1971).

Soft fleshy organs of some vegetables, such as cucurbit fruits,
green beans, potatoes, and cabbage heads are sometimes infected by
Pythium during extended wet periods in the field, in storage, and in
transit (Singh and Singh, 1984). Such infections result in a cottony
fungus growth on the surface of the fleshy organ, while the interior turns
into a soft, watery, rotten mass called "leak" (Agrios, 1988).

Factors Affecting Pythium Survival in Soil

The soil environment is comprised of soil factors, plant factors, and
soil-dwelling organisms including Pythium. Since Pythium is only one of
many components in a complex soil ecosystem, other factors of the soil
environment will affect its activity both directly and indirectly. Many of
the positive and negative impacts of these factors on the survival of

Pythium in soil have been documented.
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Pythium spp. found in soil range from a saprophytes to facultative
parasites of plants. Physical soil factors such as pore spaces, water,
aeration, temperature, and chemical factors, such as organic matter
content and pH, directly affect the prevailing microenvironment in the
soil, and as a consequence can indirectly influence the saprophytic and
parasitic activities of resident Pythiumn populations.

Of these factors, presence of virgin organic matter, soil moisture,
soil aeration and soil temperature are the most important in saprophytic
growth of Pythium spp. in soil. Pythium generally needs an abundant
supply of virgin organic substrate for saprophytic growth. The
saprophytic phase occurs mainly under conditions where other
microorganisms are not present or are greatly reduced in activity
because most Pythium spp. do not compete well for substrates already
colonized by a well-established microflora (Barton, 1961). Thus, the
saprophytic phase of growth in an undisturbed soil, where new organic
substrates are infrequently available, is usually shortlived and greatly
affected by other soil microorganisms (Hendrix and Campbell, 1973).

Griffin (1963) found that P. ultimum grew well saprophytically
under conditions where soils were saturated with water. Gardner and
Hendrix (1972) found that elevated levels of carbon dioxide in soil favored
saprophytic activity of P. irregulare and P. vexans. The ability of Pythium
to tolerate high moisture and poor gas exchage give it an ecological
advantage for saprophytic growth because these same conditions are
unfavorable ior other microbes, including Pythium antagonists
(Mircetich, 1971).

The effect of temperature on saprophytic activity was directly

correlated with the optimum temperature requirements in culture. When



field soil was stored at various temperatures, populations of Pythium
species with high temperature optima increased during high temperature
storage, while species with lower temperature optima decreased (Golden
etal., 1972).

Soil moisture, aeration, temperature, pH and mineral nutrient
availability affect the Pythium parasitic phase in soil both directly and
indirectly. As in the saprophytic phase, soil moisture is an important
limiting factor for parasitic activity of Pythium in soil. The effect of soil
moisture on Pythium is substantially species dependent. Some species,
e.g. P. graminicola and P. arthenomanes, have more tolerance to low
moisture than other species, such as P. aphanidermatum and P. butleri
(Kouyeas, 1964). The pathogenic stage of zoospore-producing species
such as P. vexans is most influenced by high moisture conditions
(Biesbrock and Hendrix, 1970), which increase production of inoculum
by favoring zoospore formation from a sporangium over direct
germination. If a sporangium germinates by a germ tube, only one
infective propagule develops, but when germination by zoospores takes
place, many individuals may arise frcm a single sporangium. In addition,
zoospore formation from a single sporangium of some Pythium species
can be repeated as many as six times (Agnihotri, 1984). The effects of solil
moisture and soil aeration on Pythium parasitic activity in soil can be
interrelated because the portion of soil pore space not occupied by water
molecules is filled with gas. Saturated soil conditions result in poor soil
aeration, which affect Pythium indirectly by reducing plant vigor and
increasing root exudation, which stimulate germination of Pythium
dormant propagules (Nelson, 1991).

20



The effect of soil temperature on the Pythiumn parasitism can occur
in two ways: directly on pathogen and indirectly on host. Pythium species
have different temperature optima in culture, and this relates to
differential temperature responses among species associated with
infection and parasitic activity. For example, Gold and Stanghellini
(1985) found that severe damping off of hydroponic-grown spinach
caused by P. aphanidermatum occurred only during the summer months,
when temperatures ranged from 21-27°C, while damping-off caused by P.
dissotocum occurred during cold winter months, with average
temperatures of about 17°C. Similarly, seasonal differences in rcot
colonization of alfalfa were evident, with P. ultimum predominant in the
summer, and P. irregulare in the winter and early spring (Hancock and
Grimes, 1990). Extreme soil temperatures can also affect Pythium
indirectly by predisposing a host plant to infection, e.g., by inducing root
exudation, thereby making the plant more susceptible to Pythium attack
(Kraft and E_win, 1967).

Soil pH can affect Pythium growth directly or indirectly by
mediating changes in plant growth and microbial activity that will either
enhance or inhibit pathogen growth. Plants growing in soils with
unfavorable pH are susceptible to Pythium infection due to poor health
(Hendrix and Campbell, 1973). Studies done by Qian and Johnson
(1987) indicated that raising soil pH from 4.3 to 6.1 reduced P. ultimum
oospore survival due to enhanced antagonist activity in the soil. Itis a
common farming practice to increase soil pH by applying lime to increase
productivity. Liming also is used to reduce toxicity of excess
micronutrients in the soil to plants. Calcium from the liming material
{CaCOg, Ca(OH)g and CaSO4) enhanced the suppressiveness of soils to
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P. splendens. The reasons for this phenomenon are not fully known. Kao
and Ko (1986) suggested that soil antagonists of Pythium became more
active because they could readily obtain nutrients from the environment
in the presence of high calcium. Calcium amendment can also increase
root growth and the over-all growth rate of plants, which can shorten the
susceptible period and result in reduced infection. It is also possible that
increased calcium uptake by plants reduces the susceptibility of plant
cell walls to lysis by enzymes produced by Pythium during infection
(Punja, 1989).

Nitrogen fertilization is known to enhance or suppress Pythium in
the soil. High nitrogen may increase susceptibility to Pythium infection by
prolonging succulent host growth and juvenility. However, when applied
as urea, a negative effect on Pythium was observed in the form of reduced
inoculum in soil. This was due to toxicity of gases released from urea
when it was degraded by soil microbes into ammonia and carbon dioxide

(Chun and Lockwood, 1285]).

Microbial Interactions Affecting Pythium in Soil

Bacteria, fungi and other small soil-dwelling organisms such as
protozoans, nematodes, and arthropods, can compete with Pythium for
substrates, or use Pythium as a substrate in soil. The mechanisms of
microbial interactions involving Pythium in soil vary considerably for
every microorganism concerned, ranging from competition and
antagonistic biochemical interactions against Pythium, to actual
parasitism and predation of Pythium hyphae (Curl and Harper, 1990).

Pythium is a naturally poor competitor for space and is usually
unsuccessful in invading a pre-colonized substrate (Marx, 1972). This



was aptly demonstrated by Elad and Chet (1987), who protected
cucumber plants from Pythium damping-off by coating the seeds with
antagonist bacteria (Pseudomonas putida and P. cepacia) before planting.

Pythium spp. are known to be affected by antibiotic metabolites
produced by bacteria and fungi. These metabolites may be specific or
non-specific lytic agents, enzymes, volatiles or other toxic compounds.
For example, certain fluorescent pseudomonads such as P. fluorescens,
strain Pf-5, produce pyoluteorin, which is effective against P. ultimum
damping-off in cotton (Howell and Stipanovic, 1980). Another strain of P.
fluorescens, 2-79, isolated originally from a suppressive soil also
produced an antibiotic identified as phenazine-1-carboxylic acid, which
is inhibitory to a number of fungi, including Pythium aristosporum
(Gurusiddaiah et al., 1986). A fungal organism such as Gliocladium
virens, may produce an antibiotic metabolite called gliovirin which is
active against P. ultimum damping-off of cotton (Howell and Stipanovic,
1983).

Numerous soil bacteria have been shown to be capable of lysing
Pythium hyphae and propagules in soil. Enterobacter cloacae controlled
Pythium in peas, sugar beets, and cucumber by degrading the fungus
mycelium (Hadar et al., 1983). Pseudomonas cepacia, strain AMMD,
inhibited mycelial growth and Iysed zoospores of Pythium
aphanidermatum (Parke, 1990).

Pythium are known to be parasitized by other fungi, ranging from
chytridiomycetes to basidiomycetes. Some mycoparasites seem to
specialize on Pythium, such as Woronina pythii, a plasmodiophoromycete
which can parasitize 15 species of Pythium (Dylewski and Miller, 1983).
Some non-plant pathogenic Pythium can parasitize pathogenic Pythium
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and other fungi. For example, P. nunn can displace P. ultimum from a
previously occupied substrate by parasitizing its hyphae (Paulitz and
Baker, 1988). P. nunn also formed appressoria-like structures and
parasitized P. aphanidermatum, Rhizoctonia solani, Phythophthora
cinnamomi and P. parasitica (Lifshitz et al., 1984).

Pythium are also preyed upon by small soil-dwelling animals like
protozoans, arthropods, soil mites and nematodes. Their impact on
Pythiumn populations are not easily discernable, but if the various
Pythium predator populations were high enough, large numbers of
Pythium propagules could be affected.

In summary, the presence of Pythium in soil is naturally influenced
by interactions of soil, plants and soil-dwelling microorganisms, such
that an equilibrium is achieved. Thus, in an undisturbed soil ecosystem,
the Pythium population could be naturally regulated by predators and
parasites. Man-made changes imposed on the natural ecosystem, as in
modern agricultural practices, may shift the natural equilibrium in favor
of Pythium, resulting in enhanced saprophytic and parasitic activity in
soil. As a result, an increased frequency of soilborne seedling diseases
has been observed to occur in agricultural areas from various countries
where weeds were previously killed with glyphosate before planting of
crops (Davies and Davies, 1981; Tesar, 1984; Blowes, 1987; Roget et al.,
1987; and Smiley et al., 1992). It was speculated that the observed cases
of increased seedling disease in glyphosate-treated areas may have been
the result of the phenomenon called glyphosate synergistic interaction as
described in Section 1. Since very little is known about the basic
mechanisms of GSI, a focused examination of the phenomenon is

necessary to assess its role in enhancing Pythium diseases in the field.



In this thesis, the role of Pythium spp. as glyphosate synergistic
fungl were examined with the following objectives:

a) to determine the occurrence and distribution of the glyphosate
synergistic Pythium in various soils;

b) to determine the host specificity of Pythium spp. as glyphosate
synergists; and

c) to examine the effect of glyphosate-treated plants on the
population dynamics of Pythium in natural soil and in Pythium-

inoculated soil.
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Chapter I1

ISOLATION, IDENTIFICATION AND TESTING OF PYTHIUM SPECIES
AS GLYPHOSATE SYNERGISTS

INTRODUCTION

Previous research has shown that the effect of the herbicide
glyphosate on plants can be enhanced by certain soilborme fungi that act
as glyphosate synergists (Johal and Rahe, 1984; Rahe et al., 1990;
Lévesque and Rahe, 1992). Pythiumn species appear to be the
predominant root colonizers of glyphosate-treated seedlings (Lévesque et
al., 1993a), and their involvement as glyphosate synergists is of
particular interest since many species of this genus are economically
important soilborne plant pathogens.

Glyphosate-induced predisposition of plants to root infection by
facultative parasites such as Pythium is hypothesized to be the outcome
of glyphosate's mode of action in plants. Glyphosate blocks the synthesis
of phenylalanine-derived phenols by its inhibition of 5-
enolpyruvylshikimate-3-phosphate (EPSP) synthase (Amrhein et al.,
1980), thereby reducing the production of phenolic compounds such as
lignin precursors and some classes of phytoalexins that may be involved
in resistance of plants to root diseases (Brammall and Higgins, 1987).

There is currently no information on the Pythium species that
function as glyphosate synergists and on their distribution in different
soils. To address this need, a study was conducted: i) to characterize the
different Pythium species involved in the glyphosate synergistic
interaction (GSI) and their current distribution in diverse soils; ii) to

assess the degrees of enhancement of glyphosate efficacy by different
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glyphosate synergistic Pythium (GSP) isolates on bean seedlings; and iii)
to determine the virulence of proven GSP isolates on bean seedlings not

treated with glyphosate.

MATERIALS AND METHODS

Isolation of Putative GSP

Three soils from the Okanagan Valley near Summerland, B.C., and
two from the Fraser Valley near Aldergrove, B.C., Canada were used. Two
of the Summerland soils were collected from orchards with known
histories of apple crown rot and apple replant diseases, and the
remaining soil sample was from an area without a known history of
agricultural cropping. These soils were designated as crown rot soil
(CRS), apple replant soil (ARS), and virgin soil (VS), respectively. The
Fraser Valley soils were obtained from sites that were used for vegetable
and apple tree nursery stock production. The soils were designated as
muck soil (MS) and mineral loam soil (LS) based on their structural
characteristics.

All soils were collected from the field sites within 8 weeks before
the start of the experiments, using tools and containers disinfected with
70% EtOH. The collected soils were sieved (5-mm mesh) to remove stones
and large organic debris, and stored in plastic containers until needed.

Seeds of bush bean (Phaseolus vulgaris L. cv. Topcrop) were
surface disinfected by soaking in 1% NaOCI solution for 5 min and
washing in three changes of distilled water before planting. An individual
bean seed was planted in each of 25 polystyrene cups, each cup was

filled with 150 g of field soil, five from each soil source. The cups were
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placed in a growth chamber set at 16 h daily photoperiod, 25:19°C
day:night temperatures, and were watered twice a week with distilled
water to keep the soil normally moist. The light intensity at plant height
was 230 pmol m2 s-1 and the prevailing daytime RH was 50%.
Glyphosate was applied at 2.5 ug a.i. per plant when the seedlings
were 2 weeks old. The dose was two, 1.25 pL droplets of diluted
commercial herbicide, Roundup® (Monsanto Corp., St. Louis, Mo.), on
each primary leaf. The plants were harvested at 0, 2, 4, and 6 days after
the glyphosate treatment. The roots were then washed under running
water and plated on Pythium-selective medium (Mircetich, 1971) using
the plating technique developed by Lévesque, et al. (1993a). Fungal
colonies growing from the plated roots were isolated into pure cultures
and maintained on potato dextrose agar (PDA) under mineral oil or in
autoclaved segments of grass leaf in sterile water at 22°C. Stored isolates

were revived by transferring small portions of the cultures onto fresh

PDA.

Identification of Pythium isolates:

Colony morphology, growth rate, and reproductive structures.

Sixty-five Pythium isolates were inoculated separately onto solidified 16
ml PDA in 100x15 mmn petri plates by transferring 1 cm diameter plugs
to the centers of the plates. The inoculated plates were incubated in
darkness at 22°C. Six replicate plates were used for each isolate tested.
Radial growth was estimated by measuring colony diameters in two
dimensions 24 h after inoculation.

The Pythium isolates were induced to form reproductive structures
using various methods as described by Waterhouse (1968). The
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morphology of reproductive structures, growth rates, and colony
morphology were used to identify the Pythium isolates to the species
level, using keys developed by Waterhouse (1968) and Van der Plaats-
Niterink (1981). Fifteen representative cultures of identified Pythium
isolates were sent to Dr. Donald J.S. Barr, Biosystematics Research

Institute, Ottawa, ON, Canada for confirmation of the identifications.

Differentiation of Pythium isolates by Restriction Fragment Length

Polymorphisms (RFLP) of total DNA. Each of the 65 isolates of Pythium

was revived from the stock cultures by tranferring a small portion of the
mycelia onto fresh PDA, and incubating at 22-24°C in the dark for 5-6
days. Each isolate was separately inoculated as five 0.5 cm diam plugs in
a 250 mL Erlenmeyer flask containing sterile 100 mL V8 juice broth. The
flasks were incubated in darkness at 22-24°C for 7-8 days; the mycelial
mats were then harvested, and washed with cold (5°C) 0.1 M NacCl

- solution by vacuum filtration on a ceramic funnel lined with Whatman
No. 1 filter paper.

A modified version of the procedure described by Curran et al.
(1985) was used for DNA extraction. The washed mycelium was mixed
with extraction buffer (0.1 M Tris-base, 0.05 M NayEDTA, 0.2 M NaCl,
1.0% SDS, pH 8.0) at 4 mL per g of mycelium, before freezing in liquid
nitrogen. The frozen mycelia were held in a -20°C freezer until the DNA
~ was extracted. The frozen mycelium was ground to a fine powder with a
mortar and pestle and after lysis at 22-24°C, and transferred to a
centrifuge tube. A haif volume of phenol (Bethesda Research Laboratories
[BRL}, Inc) was added to the lysed mycelium and mixed by gentle
‘inversion of the tube, followed by centrifugation at 3500 rpm for 15 min.
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The upper aqueous phase was removed to a new centrifuge tube and
DNA extraction by phenol of the same lysed mycelium was repeated two
more times. The collected aqueous phase was then treated with
chloroform-isoamyl alcohol (24:1, v:v) and the aqueous phase was
transferred into a new centifuge tube. The treatment with chloroform-
isoamyl alcohol was made three times. The collected DNA from the
aqueous phase was precipitated by addition of two volumes of 95% EtOH
and then centrifuged for 5 min. The 95% EtOH was slowly decanted and
the DNA was reprecipitated using 70% EtOH, and then briefly
centrifuged to accurmnulate the DNA in the bottom of the tube. The 70%
EtOH was discarded and the DNA was resuspended in 0.5 mL of TE
buffer (10mM Tris-HCL, 1 mM NayEDTA, pH 8.0). The suspension of
DNA in TE buffer was treated with 5 mg RNAse (Sigma) and incubated at
37°C for 30 min. Further purification was achieved by adding 4 M NaCl
to bring the concentration up to 0.2 M and repeated precipitation with
95% and 70% ethanol as described above. The DNA pellet obtained after
the addition of 70% ethanol was dried under vacuum and then dissolved
in 50-100 uL of TE buffer and stored at 4°C.

Hind IlII and EcoR I restriction enzymes were used to digest the
total DNA. Approximately 1 pg total DNA from each isolate was incubated
with either Hind IlI or EcoR 1 at 37°C for 2 h. The digests were then
mixed with loading buffer (10X =15% Ficoll 400, TBE 8X, 0.25%
bromophenol blue, and 0.25% xylene cynole) and loaded into wells made
in the gel. The digests of isolates with similar colony characteristics were
electrophoresed in separate lanes in the same gel to facilitate comparison
among isolates. Electrophoresis was done at 0.5 V cm-1 1n 0.7% agarose-

ethidium bromide gel submerged in a 1X TBE buffer (89 mM Tris-HCL,
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2.5 mM NagEDTA, 89 mM boric acid, pH 8.3). A 1 Kb DNA ladder (BRL)
was used as a size marker. The gels were photographed over a 300 nm
UV light source to record the banding patterns. The images of the
banding patterns of the representative RFLP types from each RFLP group
were transferred from the photo negatives onto paper by tracing the DNA

bands.

Statistical analysis of growth rates and RFLP data

Variance Components Estimation Procedure (SAS Institute Inc.,
1985) was done on the growth rate data to estimate the variation due to
species, RFLP class within species, isolates within RFLP class, and plates

within isolates. All the factors were treated as random.

Pythium isolates as glyphosate synergists

The potential of Pythium isolates to enhance the herbicidal efficacy
of glyphosate was quantified by comparing LDgq values estimated on
bean sezdlings {cv. Topcrop) grown under controlled conditions in the
absence or presence of Pythium. The isolates were chosen randomly from
each of the different Pythium RFLP types and were obtained from roots of
glyphosate-treated bean seedlings grown in five different soils.

Components of the method used for estimating LDgq values were
selected based on preliminary tests which compared different plant
growing media, concentration of Pythium inoculum, methods of
inoculation and the use of plants growing individually in polystyrene
cups or in rows in plastic trays. The method chosen was to plant surface
sterilized bean seeds in plastic trays (54x28x7 cm) filled with 3.5 kg

autoclaved sandy loam soil. Twenty seeds were planted in each of six
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equally-spaced rows, oriented across the width of each tray. The plants
were kept in a growth room under conditions already described. The soil
was kept moist by addition of distilled water as needed. The plants were
watered with a dilute solution of 20-20-20 fertilizer one week after
planting.

For inoculum production, individual Pythium isolates were grown
in stationary culture in V8 cholesterol broth (Ayers and Lumsden, 1975)
for 8 days. The mycelium was filtered and rinsed with sterile distilled
water in a Bichner funnel lined with filter paper. The mycelial mat was
cut aseptically into 1x1 cm pieces with a scalpel. The mycelium pieces
were suspended in 0.08 % sterile water agar (WA) at 1 g per 100 mL,
then macerated in a Sorvall blender for 20 sec. Inoculation was done 1
day before glyphosate treatment by drenching 25 mL of the blended
inoculum suspension between each row of seedlings when the seedlings
had two fully expanded primary leaves (2 weeks after planting).
Glyphosate treatments were made 1 day later, using 2 puL droplets
applied to the stem at the cotyledonary node. Different glyphosate doses
(0-1200 pg per plant) were assigned at random to each row of plants, but
all plants in a row received the same dose. The numbers of plants killed
by each dose were recorded 4 weeks after glyphosate treatment. One tray
was used for each Pythium isolate per experiment and the experiment
was repeated at least twice.

Data for the proportion of dead plants at different doses of
glyphosate from each experiment were analyzed by stepwise logistic
regression using the GLIM statistical program (Baker and Nelder, 1987).

a,+p.x

The full logistic regression model was , . _¢ , an S-shaped curve

1+ ed.‘ﬁcl

that can be linearized by using the logit transfomation,
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ln[\ l fzz} = a, + B, x. In this model, r is the proportion of dead plants, X =
In (glyphosate dose + 1) and the intercept and the slope for the ith isolate
are o and f, respectively. LDsq values were estimated by setting the
regression expression for logit n in the fitted regression model equal to
zero (0O=a+BX1 Dsg). i-€. X[ Dso=-0t/P (Rahe et al., 1990). Standard errors
were calculated for the estimated X5, values using the propagation of
errors formula for approximate variance of a transformed variable (Rice,
1988). The resulting untransformed LDgg values and their upper and
lower asymetrical confidence limits (+ or - S.E.) were obtained by
applying the exponential function LDgg = exp (X50) - 1 to the symmetriczl
upper and lower limits for 1n (glyphosate dose + 1). Glyphosate LDsgg

values for plants inoculated with different Pythium isolates were

compared with the control using Bonferroni's t-test (Neter et al, 1990).

Pathogenicity of Pythium Isolates

The ability of different Pythium isolates to cause disease on
germinating bean seeds was assessed by growing individual isolates for 5
days on PDA in 100x15 mm Petri dishes. The colony was then covered
with sterilized peat-based potting mix (Metro-mix™ grade 290, W.R.
Grace and Co. of Canada Ltd., Ajax, Ontario) to a depth of 5-6 mm.
Twenty surface-disinfested bean seeds (cv. Topcrop) were put on the
surface of the Metro-mix™ and additional Metro-mix™ was added to
barely cover the seeds. Approximately 20 mL of sterilized distilled water
was added and the plates were placed in individual plastic bags and
placed into the same growth chamber used to grow plants for 7 days,

after which the numbers of ungerminated seeds, and dead and live
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seedlings in each Petri plate were recorded. Three replicate plates were
used for each Pythiwm isolate.

The potential of isolates to cause disease on emerged bean
seedlings was assessed in two ways. In one test, 25 mL of macerated
mycelium was drenched at the base of 2-week-old bean plants growing in
500 mL sterilized Metro-mix™ contained in 15 cm diameter pots. One pot
containing 20 seedlings was used for each isolate and the experiment
was replicated three times. The Metro-mix™ was kept moist by watering
with 100 mL distilled water every second day. The pots were placed in a
controlled environment chamber set at the conditions stated earlier. Two
weeks after inoculation, the numbers of dead and living plants were
recorded. The second method of pathogenicity evaluation of the different
Pythium isolates to cause post-emergence damping-off on 2-week-old
bean plants was determined using the glyphosate-untreated plants
assigned as controls in the GSI tests conducted. The number of dead
plants was counted 4 weeks after inoculation. ANOVA was performed on

arcsine transformed data using the SAS Statistical Package (1985).

RESULTS

Identification of isolates

A total of 65 Pythium isolates was collected from the roots of
glyphosate-treated bean seedlings grown in five different soils. Six
species were represented among the 65 Pythium isolates as identified by
morphology of reproductive structures and colony characteristics. Almost

all of the isolates produced cottony aerial mycelial growth on PDA
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(Figure 1). Some isolates of Pythium 'G' group, Pythium 'HS' group and all
isolates of P. irregulare had distinctly large rosette patterns. P. coloratun
had appressed colony growth on PDA with a distinct smaller rosette
pattern than that of Pythium 'G' and 'HS' groups and P. irregulare (Figure
1). The commonly observed morphological features of isolates of P.
ultimumn, P. sylvaticumn, P. irregulare and Pythium 'HS' and 'G' groups are
shown in Figure 2. Using a grass-blade culture technique (Waterhouse,
1968) at room temperature (22-24°C), some isolates of P. ultimum and all
isolates of Pythium 'G’ group readily released zoospores from globose
sporangia-like structures (Figure 3) while P. coloratum released its
zoospores from digitate, slightly inflated zoosporangia through long
filamentous discharge tubes (Figure 3). None of the other Pythium
isolates was observed to produce zoospores in response to any of the
induction methods and temperature treatments used.

The species of Pythium and numbers of isolates obtained from the
five soils are presented in Table 1. The highest number of isolates was
obtained from MS (20) followed by CRS (17), LS (14), and ARS (12). Only
two isolates were obtained from VS. P. ultimum and Pythium 'G' group
were present and frequently isolated from ARS, CRS, LS, and MS. Other
species, such as P. irregulare, P. sylvaticum, P. coloratum, and Pythium
'HS' group were sporadically present.

DNA Analysis

Fourteen and 15 different RFLP patterns were observed among the
65 Pythium isolates when the tctal DNA of each isolate was digested with
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Figure 1. Colony characteristics of 15 representative Pythium isolates. P.
ultimum (A and C), Pythium 'G’ group (B), P. sylvaticum (D, E, F, G,
H, and I) ; P. irregulare (J and K); P. coloratum (L and M); and
Pythium 'HS' group (N and O).
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Figure 2. A) Pythium ultimum antheridium and oogonium, B) P. ultimum
germinating sporagium, C) Antheridia and oogonium of compatible
P. sylvaticum, D) Pythium 'G' group globose type sporangia, E) P.
irregulare antheridium and oogonium, and F) Pythium 'HS' group
hyphal swelling structures. Magnification A,C,D.,E and F
bar=0.2mm, B bar=0.02mm.
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Figure 3. A) Pythium coloratum long filamentous zoospore discharge tube
(arrow) B) P. coloratum germinating (arrow) and encysted
zoospores, C) P. coloratum sporangia (arrow), D) An empty globose
zoosporangium, the type seen in P. ultimum and Pythium'G' group.
Magnification A, B and C bar=0.2mm; D bar=0.02mm.
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Table 1. Numbers of isolates of different species* and groups of Pythium
obtained from roots of glyphosate-treated bean seedlings grown in
five different soils.®

Pythium species Summerland Fraser Valley
and groups soils soils
VS ARS CRS Ls MS Total

P. ‘G’ group - 1 3 3 4 11

P. ultimum - 4 7 9 6 26
P. irregulare ~ 7 - 1 - 8
P. sylvaticum 2 - 6 1 5 14
P. coloratum - - - ‘ - 3 3
P. 'HS  group - - 1 - 2 3
Total: 2 12 17 14 20 65

VS = virgin soil; ARS = replant soil; CRS = crown rot soil; LS = loam
soil; and MS = muck soil.

* Identification of the species based on morphological characteristics
of the isolates when grown on PDA and on grass-leaf cultures.
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Hind IIl and EcoR I restriction enzymes, respectively (Figure 4A and 4B).
Two types of banding patterns were noted in the Hind III digests of DNA
of the P. ultimum isolates. The corresponding isolates were designated P.
ultimum RFLP types 1 and 2. Hind IlI-digested DNA of all isolates of
Pythium 'G' group had an identical DNA pattern with that of P. ultimum
type 1. This similarity resulted in placing the Pythium 'G' group into the
P. ultimum RFLP type 1 group. Six types of banding patterns were
observed among isolates of P. sylvaticumn, whereas isolates of P.
irregulare, P. coloratum and Pythium 'HS' group each yielded only two
patterns. These isolates were subsequently differentiated and designated
as P. sylvaticum RFLP types 1,2,3,4,5, and 6; P. irregulare RFLP types 1
and 2, P. coloratum RFLP types 1 and 2; and Pythium 'HS' RFLP types 1
and 2.

Groupings of some isolates were shown to be identical with those
derived from Hind IlI-digested DNA, by using EcoR I digests of total DNA
of these isolates. However, more detailed information on isolates
belonging in P. ultimum RFLP type 1 was derived by using EcoR I, since
isolates originally placed under this RFLP type based on Hind IlI-digested
DNA revealed two types of DNA patterns. As a result, P. ultimum RFLP
type 1 was divided into two subgroups called P. ultimum type la and P.
ultimum type 1b. Of the 26 isolates. morphologically identified as P.
ultimum, 19 had the RFLP type la pattern, 6 had RFLP type 1b, one had

'RFLP type 2. Out of 11 isolates identified as Pythium ‘G’ group, 7 and 4
isolates were of RFLP type 1a and RFLP type 1b pattern, respectively. The
numbers of isolates occurring within each RFLP group are shown in

Table 2.
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Figure 4. RFLP patterns of A) Hind III- and B) EcoR I-digested DNA of

Pythium isolates obtained from roots of glyphosate-treated
bean seedlings grown in five different soils.
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Table 2. The relationship between growth rates of Pythium isolates in
axenic culture and the number of days after treatment of bean
plants with glyphosate at which those Pythium isolates were
obtained from the roots.

Pythium Number of Colony diameter Days after
RFLP isolates on PDA glyphosate
type within after 24 h treatment B

RFLP (mm) ©

group 0246
P. ultimum la 25 42.4 a -+ + +
P. ultimum 1b 11 42.5 a -+ + +
P. sylvaticum 2 2 41.1 a - 4+ + +
P. irregulare 1 7 39.9 ab -+ + +
P. sylvaticum 3 2 338.8 ab - — 4+ +
P. ultimum 2 1 37.5 bc -+ + +
P. sylvaticum 1 3 37.4 be - -+ +
P. 'HS' 2 2 34.4 cd -+ + +
P.'HS' 1 1 32.1 de -+ + +
P. irregulare 2 1 30.5 ef -+ + +
P. sylvaticum 5 1 28.7 ef - -4
P. coloratum 1 2 28.7 ef - - -+
P. coloratum 2 1 27.7 fg - -+
P. sylvaticum 6 4 24.4 gh - -+ +
P. sylvaticum 4 2 23.6h - - -+

« Values followed by the same letter/s are not significantly different from
each other (P<0.05) according to Bonferroni's test.

B + = isolate obtained; — = isolate not obtained
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Pythium growth rates and colony characteristics

The diameters of colonies radiating from 1-cm-diameter plugs after
24 h on PDA for the different Pythium isolates ranged from 23.6 to 42.5
mm (Table 2). The fastest-growing isolates were P. ultimum RFLP type la,
P. ultimum RFLP type 1b and P. sylvaticum RFLP type 2; the slowest-
growing isolate was P. sylvaticum RFLP type 4. A possible relationship
was observed between growth rates in axenic culture and the number of
days after glyphosate treatment when these Pythium isolates were
obtained from the roots of glyphosate-treated bean seedlings. There were
no Pythium colonists in the root tissues prior to glyphosate treatment
that were able to survive surface sterilization with NaOCl. With few
exceptions, Pythium isolates with colony diameters of > 30 mm after 24 h
in axenic culture (fast-growing) were those obtained at 2, 4, and 6 days
after glyphosate treatment, whereas the Pythium isolates with < 29 mm
colony diameters (slow-growing) were never obtained at 2 days but only

at 4 and 6 days after glyphosate treatment (Table 2).

Pythium growth rates and RFLP grouping

Variance Components Estimation Procedure was conducted on the
growth rates for all of the Pythium isolates assigned to each RFLP group
to determine if all the isolates assigned within each RFLP group were
indeed similar. The results (Table 3) indicated that 69% of the variation
in growth rates was explained by species and RFLP groupings combined:
36% by species, and 33% by RFLP grouping. Another 22% of the
variation was due to isolates assigned within the RFLP grouping and 9%

to experimental error. Individual analyses for each species revealed that
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Table 3. Results of Variance Components Procedure of colony diameters
after 24 h in axenic culture for 65 Pythiumn isolates grouped within
species, RFLP group within species, and isolates within RFLP
group. The error term represents the variation of replicate plates
within isolates.

Sources SS MS Variance V.T «
components

Species 9394 2348.5 27.6 0.36

RFLP(species) 6063 603.6 25.1 0.33

Isolate (RFLP) 4152 83.0 16.7 0.22

Error 1963 7.2 07.2 0.09

Total 21545 3042.3 76.7

o ratio of variance components and total variance.
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most of the isolate within RFLP variation came from P. ultimum. The
RFLP classification in this case did not explain the variation in growth.
However, for P. irregulare, there was no residual variation among isolates
once the RFLP variation had been taken into consideration and there was

very little variation in P. sylvaticum.

GSI of 15 Pythium isolates on bean seedlings

The effect of different Pythium isolates on glyphosate LDgq values
on beans is shown in Figure 5. There were significant differences
between the three experiments and the isolates; therefore, separate
analyses were done for each experiment. Twelve of the 15 isolates
significantly (P=0.05) enhanced the herbicidal activity of glyphosate on 2-
week-old bean seedlings, and 50% mortality was observed at doses 5 to
238-fold less than those required to cause 50% mortality in the absence
of Pythium. Plants inoculated with P. sylvaticum RFLP type 1 and P.
coloratum RFLP types 1 and 2, required similar amounts of glyphosate
(70-120 pg per plant) to kill 50% of the plant population as compared
with treatments not inoculated with Pythium. In only one case out of
three repeated experiments was the LDg dose associated with any of
these three isolates were significantly less than the LDgg dose of the
control plants. Plants inoculated with P. sylvaticum RFLP types 2,3,4,5
and 6, P. iregulare RFLP types 1 and 2, Pythium 'HS' RFLP types 1 and
2, P. ultimum RFLP types 1b and 2 all required less than 20 pug
glyphosate per plant to kill 50% of the plant population. The plants
inoculated with P. ultimum type la required the least amount of
glyphosate to achieve 50% mortality (Figure 5).
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Figure 5. Effect of isolates of various species of Pythium obtained from
the roots of glyphosate-treated beans on glyphosate LDg, on
bean seedlings. Means and standard errors from three

experiments are shown on each line.
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Pathogenicity Tests

The results from pathogenicity tests with the 15 different Pythium
isolates on beans showed significant differences in virulence (Table 4).
Symptoms included total seed rot. root rot and watery decay of seedling
cotyledons. Seedlings that managed to emerge had short roots and
noticeable stem girdling. All isolates of P. ultimum and P. irregulare were |
highly virulent, causing 100% and 88-98% pre-emergence damping-off
on beans, respectively. P. sylvaticum RFLP types 2 and 3 and Pythium
'HS’ group were moderately virulent, causing 35-52% pre-emergence
damping-off. Other P. sylvaticum RFLP types and all isolates of P.
coloratum were moderately to weakly virulent, causing a range of pre-
emergence damping-off from as high as 27% to as low as 9%. The 15
different Pythium isolates were less pathogenic on 2-week-old bean
plants than on germinating seeds. In both evaluations (seedlings in pots
and control treatments from GSI tests), P. ultimum RFLP type 1a caused
the highest post-emergence damping-off (28%). Isolates of P. irregulare
and other isolates of P. sylvaticum, P. ultimum and Pythium 'HS' group
caused post-emergence ¢ 1amping-off ranging from zero to 15%. Some
isolates of P. sylvaticum, Pythium 'HS' group, and all isolates of P.
coloratum failed to cause post-emergence damping-off on beans. The
most noticeable symptoms in the post-emergence tests were brown stem
necrosis occurring at the soil line and progressing up the plant stem, and

wilting of the leaves.
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Table 4. Mortalities observed in pathogenicit{' tests for different Pythium
isolates on bean seedlings (cv Topcrop).

Pythium % Damping-off Mortality «
RFLP types

pre-emergence post-emergence
P. ultimum type la 100 a B 28aB 2938
P. ultimum type 1b 100 a 10ab 13c¢b
P. ultimum type 2 98 a 6 ab 9 cbd
P. irregulare type 1 88 a 7 ab 7 cbd
P. irregulare type 2 95 a l11ab 15b
P. ‘'HS type 1 35 bede Ob od
P. 'HS type 2 37 bed 1b 6 cd
P. sylvaticum type 3 45 bc 9ab 13cb
P. sylvaticum type 2 52b 4 ab 8 bed
P. sylvaticum type 6 14 ef 6ab 12bc
P. sylvaticum type 4 10f 2 ab 3cd
P. sylvaticum type 1 15 def Ob O0d
P. sylvaticum type 5 10f 3b 6d
P. coloratum type 1 27 cdef Ob 0od
P. coloratum type 2 9f Ob 0od

@ Values in columns, followed by the same letter/s are not significantly
different from each other (P<0.05) according to Bonferroni's test.

B Columns represent the means of three trials with 20 seeds or plants
used for each isolate tested per trial; mortality recorded 1 week
(pre-emergence) or 2 weeks (post-emergence) after inoculation.

3 Data obtained from the rows of glyphosate-untreated 2-week-old plants
grown in Pythium-infested soil used as control treatment in
three GSI experiments; mortality recorded 4 weeks after
inoculation.
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DISCUSSION

Morphological characteristics of Pythium isolates were inadequate
for separating the different Pythium genotypes isolated from roots of
glyphosate-treated bean seedlings growing in diverse soils. This was
evident from the analyses of total DNA RFLP patterns, using either Hind
III or EcoR I restriction enzymes, which showed that several
morphologically similar Pythium isolates had different RFLP patterns,
suggesting different genotypes. The use of RFLP patterns reduced the
number of isolates needed to test for glyphosate synergistic interactions
to a manageable number without omitting various genotypes represented
within a particular Pythium species. Comparisons of RFLP patterns also
were useful in determining the species affinities of isolates that did not
produce sexual structures, particularly in Pythium 'G' group. This isolate
was found to have an RFLP pattern identical with that of P. ultimum
RFLP type 1. A similar result was obtained by Huang et al, (1992) and
Lévesque et al., (1993b). Huang et al., (1992) suggested that isolates of
Pythium 'G’ group are probably P. ultimum that have lost the ability to
form sexual structures.

Four species, namely P. sylvaticum, P. ultimum, P. irregulare and
Pythium '"HS' group were found to be glyphosate synergists on beans. One
isolate of P. sylvaticum was found to be non-synergistic on beans, which
suggests that other Pythium species and genotypes may be involved in
the GSI on beans. On the other hand, there were isolates from within
species that were better synergists than others, as was seen among P.
ultimum and P. sylvaticum isolates. P. ultimum RFLP type la was a
stronger glyphosate synergist than was P. ultimum RFLP type 1b or P.
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ultimum RFLP type 2. This result could well have been overlooked if
molecular techniques for differentiating the genotypes of morphologicaily
similar isolates had not been used to select the representative Pythium
isolates for the GSI tests.

It appears that the fast-growing isolates of Pythium colonized the
roots of glyphosate-treated plants socner than did the slow-growing
isolates. It is possible that growth rate would be a component of an
isolate's ability to function as a glyphosate synergist.

Although each of the four agricultural soils tested yielded
substantial numbers of Pythium isolates compared to the virgin soil, the
distribution of isolates within the five different soils did not suggest any
pattern of location specificity, since all of the soil sites yielded some
glyrhosate synergistic Pythium species. The diversity of Pythium species
in the agricultural soils was higher than in the virgin soil. P. ultimum was
widely distributed in all of the agricultural soils. This was not surprising,
since P. ultimum is known to have a broad host range and worldwide
distribution {fdendrix and Campbell, 1973). The presence of many and
diverse Pythium species in agricultural soils suggests that the occurrence
of GSP may be related to factors that favor Pythium survival in these
soils, such as suitable hosts and favorable conditions for reproduction,
which are absent in areas not used for intensive crop production.

The limited numbers of glyphosate synergistic Pythiumn in the virgin
soil may account for the high LDgq for glyphosate on plants in raw VS
compared to that in raw ARS, CRS, LS and MS (Lévesque and Rahe,
1992). This finding supports the previous observation regarding the role
of soilborne fungi in GSI and the role of Pythium species as glyphosate

syniergists.
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All Pythium species isolated from glyphosate-treated bean plants
were found to be pathogenic to varying degrees on glyphosate-untreated
bean seeds and on 2-week-old seedlings. This raises the question as to
whether the soil ecosystem could be modified via the glyphosate-Pythium
synergistic interaction. It is not known whether a build-up of glyphosate
synergistic Pythium species would occur after extensive use of glyphosate
for weed management or for pre-harvest use as a crop desiccant.
Previous studies have shown that soilborne Fusarium spp. increased
when weeds, crops, or volunteer plants were treated with glyphosate
(Lévesque et al., 1987). If Pythium species are also increased by this
mechanism, the potential for root diseases might also increase. In fact,
increases in seedling diseases following applications of glyphosate have
already been reported on barley (Lynch and Penn, 1982; Blowes, 1987;
Smiley et al., 1992), which suggests the possibility of a build-up of
soilborne pathogens after herbicide treatment on weeds. Although the
reported significant increase in the soil population of Fusarium spp. in
areas where various weeds were treated with glyphosate did not cause
significant detrimental effects on crops sown later in the same area
(Lévesque et al, 1987), this might not be true for Pythium species which
are aggressive pathogens of germinating seeds. It is therefore important
to determine if Pythium populations in soil are affected by glyphosate-
treated plants, and to assess whether such an increase would result in
greater incidence of damping-off on succeeding crops.

By using glyphosate-treated bean plants to isolate potential
glyphosate synergistic Pythium from five diverse soils, it was found that
of eight isolates of P. irregulare, seven were obtained from ARS, and that

P. irregulare was the predominant species recovered from ARS. Braun
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(1991) reported that P. irregulare is one of the causal pathogens of the
apple replant disease in Nova Scotia. It is possible that P. irregulare may
also be one of the pathogens involved in a similar disease in B.C. This
coincidental observation suggests that glyphosate-treated plants might
have potential as baits for selecting some of the fungal components
involved in disease complexes such as apple replant disease where
Pythium spp. are involved.

Our studies on GSI indicate that Pythium spp. are the\ predominant
glyphosate synergists on bean seedlings. However, other soilborne fungi
might also function as glyphosate synergists in nature. This possibiiity is
supported by reports of increased occurrence of seedling diseases caused
by fungi other than Pythium on crops planted in an area that was
previously treated with glyphosate, such as Rhizoctonia spp. in barley
(Smiley et al., 1992), Fusarium culmorum in barley (Lynch and Penn,
1982), and Gaeumannomyces graminis in wheat (Mielke, 1983).

The research described here confirms the phenomenon of
synergistic interaction of soilborne Pythium with glyphosate. It also
shows that GSI involving different species of Pythium can be quantified
by comparing the glyphosate LDgq values obtained from Pythium-
inoculated and uninoculated plants. It is concluded that several different
Pythiumn species can be glyphosate synergists on beans. However, it is
also evident that some isolates within the same species or group are
more efficient glyphosate synergists than others. The GSP were widely
distributed in the diverse soils tested.

Since the different GSP identified were also pathogenic to
glyphosate-untreated plants, and because it is probable that their
populations will be affected when vegetation growing in an area is treated
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with glyphosate, it is important to assess the long-term effects of
glyphosate-treated plants on the dynamics of the Pythium populations in
soil and to determine whether there is a pathogenic impact on crops

subsequently planted in the same area.
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Chapter Il

ASSESSMENT OF HOST SPECIFICITY AMONG DIFFERENT SPECIES
OF GLYPHOSATE SYNERGISTIC PYTHIUM

INTRODUCTION

Soilborne species of Pythium have been shown to augment the
herbicidal activity of glyphosate by colonizing the roots of glyphosate-
treated plants. This enhancement of herbicidal efficacy was termed
giyphosate synergistic interaction (GSI) by Johal and Rahe (1984).
Soilborne Pythium spp. were found to be the first and predominant root
colonizers of glyphosate treated plants grown in different soils (Lévesque
et al.,, 1993a). Several species of Pythium are involved in GSI on bean
(Descalzo et al., 1996a) and on apple seedlings (Lévesque et al, 1992). A
possible indication of host-specificity of some glyphosate synergistic
Pythium (GSP) was suggested from the result of an experiment by
Lévesque et al. (1992), which showed that when Pythium isolates
collected from the roots of glyphosate-treated apple and bean seedlings
were tested for glyphosate synergistic interaction on apple seedlings, only
the Pythium isolate from apple was glyphosate synergistic on apple
seedlings. No other tests conducted so far substantiate this initial
suggestion of host specificity among GSP.

This chapter describes the results from research to address the
host specificity of GSP. The specific objectives were to determine if: a)
isolates of Pythium species originating from the roots of 2-week-old
glyphosate-treated bean and wheat seedlings were selectively synergistic
on the host species from which they were isolated; b) isolates of Pythium

species from the roots of glyphosate-treated bean seedlings were capable
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of GSI on various unrelated dicot species; c) isolates of Pythium species
from various glyphosate-untreated hosts were capable of GSI on bean

seedlings; d) the relative virulence of isolates of various Pythium species
differed on glyphosate-untreated hosts; and e) Pythium growth rates in-

vitro and Pythium virulence in normal plants were correlated with their

efficacy as glyphosate synergists.

MATERIALS AND METHODS

Sources of Pythium isolates

Isolates of five different Pythium species previously collected from
the roots of glyphosate-treated bean and wheat seedlings grown
separately in various soils were used. The Pythium isolates from
glyphosate-treated beans were from the experiment described in Chapter
1, while the isolates from glyphosate-treated wheat were from the
experiment by Lévesque et al., (1993b). These isolates are referred to
hereafter as Pythium isolates from bean (PIB) and Pythium isolates from
wheat (PIW), respectively. The Pythium genotypes were defined on the
basis of restriction fragment length polymorphisms (RFLP) of the total
DNA (Descalzo et al, 1996a; Lévesque et al,, 1993b). Letters B and W
were added at the end of the isolates’ names to indicate the original host
(bean and wheat seedlings) from which the Pythium isolates were
obtained. The number of genotypes represented per Pythium species
tested are shown in Table 5.

Isolates of other Pythiuwm species were obtained from the culture
collections of Dr. Donald J.S. Barr (Biosytematics Research Institute,
Ottawa, Canada) and Dr. Gloria Abad (North Carolina State University,
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Table 5. Pythium species and the numbers of genoty%es represented
among isolates obtained from the roots of glyphosate-treated bean
(PIB) and wheat (PIW) seedlings.

Pythium species Number of genotypes obtained from
beans © wheat P
P. ultimum 3 4
P. sylvaticum 6 7
P. coloratum 2 2
P. irregulare 2 1
P. '"HS' group 2 o
Total 15 14

« Bean seedlings were grown in various soils collected from the
Okanagan and Fraser Valleys, B.C., Canada.

B Wheat seedlings were grown in various soils collected from the Fraser
Valley, B.C., Canada.
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Raleigh, N.C.). Except for P. acanthicum, which was isolated from soil, all
other Pythium species in these collections were originally isolated from
the roots of various host plants that were not treated with glyphosate
(Table 6). This group of isolates is referred to as Pythium isolates from
various hosts (PIVH).

Determination of glyphosate LD5q values for plants grown in soils
infested with various Pythium isolates

To assess the relative efficacy of Pythium isolates to act as
glyphosate synergists on plant species from which they were originally
isolated, GSI tests were conducted using PIW on wheat seedlings
(Triticum aestivum L. cv. Northstar Winter Wheat) and the results of GSI
tests of PIB on bean seedlings (Phaseolus vulgaris L. cv. Topcrop)
obtained in Chapter 2 were used to represent the effect of PIB on bean
seedlings for this Chapter. Reciprocal GSI tests were then conducted
using PIB on wheat and PIW on bean seedlings to determine whether the
Pythium isolates were specific glyphosate synergists for the host plant
species from which they were initially isolated. GSI tests were also done
using PIB on two dicot hosts: sunflower (Family: Heliantheae, Helianthus
annus L. cv. Sunwheat 101) and pepper (Family: Solanaceae, Capcicum
Jrutescens L. cv. California Wonder). GSI tests of PIVH on bean seedlings
were done to determine whether Pythium isolates obtained from various
sources without the influence of glyphosate were capable of glyphosate
synergistic interaction. To confirm whether the GSI test result obtained
from wheat was a representative response of monocot plants, GSI test
was done using PIB on com seedlings (Zea mays L. cv. Early Golden
Bantam).
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Table 6. Different Pythium species obtained from various hosts and soil
that were not treated with glyphosate (PIVH). ¢

Pythium species Hosts/source Geographic origin
P. aphanidermatum English cucumber B.C., Canada

P. sulcatum Carrot B.C., Canada

P. hypogynum Lamb's-quarters Quebec, Canada

P. coloratum Alfalfa Ontario,Canada

P. splendens Blueberry Nova Scotia, Canada
P. acanthicum Soil Ontario, Canada

P. arrhenomanes Oat Manitoba, Canada
P. spinosum Turfgrass North Carolina, USA
P. paroecandrum Turfgrass North Carolina, USA
P. vanterpooli Turfgrass North Carolina, USA

@ Pythium isolates from Canada were provided by Dr. Donald J.S. Barr of
Biosystematic Research Institute, Ottawa, Canada, and isolates
from USA were from Dr. Gloria Abad, North Carolina State

University, USA.
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Except for the method of application and range of glyphosate doses
used for monocot hosts, the methods used for all GSI tests were as
described in Chapter 2. For monocot hosts, the glyphosate treatments
were made as two, 1 pL droplets of aqueous dilutions of Roundup® (360
g a.i./L) applied in whorls of wheat and corn seedlings. A lower range of
glyphosate doses (0, 0.5, 1.5, 5, 15, and 40 ug glyphosate a.i. per plant)
were used for wheat and corn seedlings. To obtain 100% mortality at the
highest glyphosate dose, Pythium uninoculated plants (controls) were
treated with doses ranging from 0-60 pg glyphosate a.i. per plant. The

GSI experiments done in this Chapter were repeated a minimum of two

times.

Pythium growth rates in-vitro and pathogenicity tests

The ability of various Pythium isolates (PIB, PIW and PIVH) to
cause pre-emergence damping off of germinating seeds and the isolate
growth rates in-vitro were assessed using the procedures described in
Chapter 2. Pathogenicity tests of the various isolates were done only for
plant species that were used for GSI test involving the same isolate
group. Pythium growth rates and virulence data for each isolate group
were analyzed separately using ANOVA (SAS statistical package, 1985).

Correlation of Pythium growth rate, virulence and glyphosate LDg

A simple linear correlation was performed separately for each of
the Pythium groups’ (PIB, PIW and PIVH) growth rate in-vitro vs their
respective virulence and glyphosate LDsgg values obtained on various
hosts tested. An arcsine and logarithmic transformation was done on the

virulence and glyphosate LDg data, respectively, while untransformed
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Pythium growth rate data were used in the correlation tests. Student's t-
test was done to determine the significance of the Pearson product-
moment correlation coefficient (Zar, 1984). The significant correlation
results between growth rates in-vitro vs virulence were confirmed by
doing an analysis of variance on the virulence data of Pythium isolates
that were classified based on their colony diameter on PDA after 24h. The
Pythium isolate groupings were: fast-{51-60 mm/24h), moderately fast-
{26-50 mm/24h) and slow-(< 25 mm/24h) grower. A similar procedure
was done to confirm the significant correlation obtained on Pythium
growth rate vs the glyphosate LDgq values on bean.

The significant correlations obtained between virulence vs
glyphosate LDgq values were also confirmed by analysis of variance. In
this case, however, the various isolates were grouped based on their
virulence on the various host tested. The following were the virulence
groupings of the PIB on bean (highly virulent= 88-100%, moderately
virulent= 35-87% and least virulent= 0-34% seedling mortality); PIB on
pepper (highly virulent= 100%, moderately virulent= 72-99% and least
virulent= 0-30% seedling mortality); and PIW on bean (highly virulent=
85-100%, moderately virulent= 24-84% and least virulent= 0-23%
seedling mortality).
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RESULTS

There were significant interactions between the replicated
experiments and various Pythium isolates in all GSI tests. It was

therefore necessary to analyse each experiment separately.

GSI effects of PIB on bean, wheat and corn seedlings

The effect of different Pythium isolates on glyphosate LDgg values
on beans is presented and discussed in Figure 5, Chapter 2. The PIB GSI
tests on wheat seedlings gave an inconsistent GSI response in three
replicated experiments (Figure 6A). In two out of three experiments,
plants inoculated with P. irregulare RFLP type B1; P. sylvaticum RFLP
types B1 and 2; and P. coloratum RFLP type B2 had significantly (P=0.05)
lower LDsgg values than the control. In one out of three experiments,
plants inoculated with P. ultimum RFLP types Bla and Blb; P. irregulare
RFLP type B2; Pythium 'HS' group RFLP types Bl and B2; P.sylvaticum
RFLP types B3, B4, B5 and B6; and P. coloratum RFLP type B1 had
significantly lower LDgg values than the control. However, it was also
observed that plants inoculated with P. ultimum RFLP type B2; P.
iregulare RFLP type B2; P. coloratum RFLP B1; Pythium 'HS' group RFLP
type B1; and P. sylvaticum RFLP types B3 and B6; as well as those
inoculated with P. ultimum RFLP type Blb; P. coloratum RFLP type B2
and P. sylvaticum RFLP type B4 required similar amounts of glyphosate
to kill 50% of the plant population as was needed for the control in one
out of three and two out of three tests, respectively. It was also noted
that in some instances plants inoculated with P. ultimum RFLP type Bla
and Blb; P. ultimum RFLP type B2; P. irregulare RFLP type B1;
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Figure 6. Effect of isolates of various species of Pythium obtained from
the roots of glyphosate-treated beans on glyphosate LD_ on
A) wheat and B) corn seedlings. Means and standard errors
from three or two experiments are shown on each line.
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P. sylvaticum RFLP types B1l, B2, B4 and B5 had higher LDgg values

than the control.

The GSI tests of PIB on corn seedlings also gave an inconsistent
GSI response in two experiments conducted (Figure 6B). In one out of
two experiments, plants inoculated with P. ultimum RFLP type Bla; P.
ultimum RFLP type Blb; P. coloratum RFLP type B2; and P. sylvaticum
RFLP types B1 and B3 had significantly (P=0.05) lower LDgg values than
the control. Piants inoculated with P. irregulare RFLP types Bl and B2;
Pythium 'HS’ RFLP types Bl and B2; P. coloratum RFLP type B1l; and
P.sylvaticum RFLP types B4, B5 and B6 had similar glyphosate LDgg
values with the control treatments in the two experiments conducted. In
one of the two experiments done, it was also observed that plants
inoculated with P. ultimum RFLP type B2 had higher LDgg values than

the control.

GSI effects of PIW on wheat and bean seedlings

The effect of different PIW on glyphosate LDgg values on wheat
seedlings is shown in Figure 7A. Plants incculated with P. ultimum RFLP
types W1, W2, W3, and W4; P. coloratum RFLP types W1 and W2; P.
sylvaticum RFLP type W5 significantly (P=0.05) enhanced the herbicidal
activity of glyphosate on 2-week old wheat seedlings in two replicate
tests. In one out of two tests, plants inoculated with P. irreguiu.me RFLP
type W1; P. sylvaticum RFLP types W1, W2, W3, W4, W6 and W7
significantly enhanced the herbicidal efficacy of glyphosate on wheat
seedlings. In one of two tests, plants inoculated with P.sylvaticum RFLP



Pythium spp. and RFLP type

MY YUY Y Y

Pythium spp. and RFLP type

P. ultimum W1
P. ultimum W2
P. ultimum W3
P. ultimum W4
P. irregulare W1
P. coloratum W1
P. coloratum W2.
. sylvaticum W1
sylvaticum W2
. sylvaticum W3
sylvaticum W4
sylvaticum W5
. sylvaticum W6

. sylvaticum W7
Control

P. ultimum W1
P. ultimum W2
P. ultimum W3
P. ultimum W4
P. irregulare W1
P. coloratum W1
P. coloratum W2
P. sylvaticum W1
P. sylvaticum W2
P. sylvaticum W3
P. sylvaticum W4
P. sylvaticum W5
P. sylvaticum W6

P. sylvaticum W7
Control

A) Wheat

64

T T T T

T T T T TTIT T

H

LRI A

B) Bearns

e
-

LD_, (ug glyphosate per plant)

1000
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from two experiments are shown on each line.
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types W2, W3, and W7 needed similar amounts of glyphosate to kill 50%
of the plant population as was required in the control treatment. In some
instances, plants inoculated with P. sylvaticum RFLP types W1, W4, and

W6; and P. irregulare RFLP type W1 had higher LDsg than the control

treatment.
The effect of PIW on glyphosate LDgg values on beans is shown in

Figure 7B. All PIW significantly enhanced the herbicidal efficacy of
glyphosate on 2-week-old bean seedlings in two experiments. Fifty
percent mortality was observed at doses 6 to 178-fold less of those
required to cause the same level of mortality in the absence of Pythium

(control).

GSI effects of PIB on other dicot plant species

All PIB enhanced the herbicidal activity of glyphosate on 2-week-
old sunflower seedlings by causing 50% mortality at doses 9 to 32-fold
less than those required by the control (Figure 8A). All PIB except
Pythium '"HS group RFLP type Bl and P. coloratum RFLP type B2
enhanced the herbicidal activity on pepper seedlings by causing 50%
mortality at doses 11 to 54-fold less than those needed by the control
(Figure 8B). Pythium 'HS’ group RFLP type B1 and P. coloratum RFLP type
B2 caused smaller but significant reductions of glyphosate LDgg on

pepper seedlings.

GSI effects of PIVH on bean seedlings

The effect of different Pythium species obtained from soil and from
glyphosate-untreated plants on glyphosate LDgg values on beans are
shown in Figure 9. All Pythium species tested significantly enhanced
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Figure 8. Effect of isolates of various species of Pythium obtained from
the roots of glyphosate-treated beans on glyphosate LD__ on
A) sunflower and B) pepper seedlings. Means and standard
errors from two experiments are shown on each line.
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{P=0.05) the herbic’al effect of glyphosate on 2-week-old bean seedlings,
and 50% mortality was observed at doses 7 to 80-fold less than those
required to cause 50% mort lity in the absence of Pythium. Pythium
coloratumn, P. hypogynum, P. aphanidermatum, and P. spinosum were
significantly more effective as synergists than were other Pythium species

in this group.

Virulence of PIB on germinating seeds ol various plants

Symptoms of pre-emergence damping-off caused by various
species of Pythium were similar in all types of plant tested. Pythium
entered the germinating seeds in the soil by infecting the emerging
radicle. After the initial infection, the mycelia colonized the growing
embryo and cotyledons. Susceptible seeds were eventually killed and
were covered with white mycelia 1 week after infection. Infected seeds
seldom emerged from the soil, and those that were able to emerge from
the soil were weak and had obvious stem necrosis immmediately above the
soil surface. Infected seedlings usually collapsed 3 to 4 days after
emergence and showed symptoms of stem girdling.

The virulence of the PIB on germinating bean seedlings is shown
and described in Table 4, Chapter 2. The same isolates were also virulent
to varying degrees on g- -minating wheat seeds (Table 7). P. ultimum RFLP
type Bla was the most virulent isolate, causing 95% pre-emergence
damping-off. It was followed by P. ultimum RFLP types Blb and B2; P.
iregulare RFLP types Bl and B2; Pythium 'HS’ group RFLP type B2; and
P. sylvaticum RFLP type B3, which caused pre-emergence damping-off
ranging from 76% to 93%. P. sylvaticum RFLP types Bl and B2 were
moderately virulent, causing 50 to 63% damping-off, respectively.



Table 7. Mortalities observed in pathogenicity tests on wheat, corn,
pepper and sunflower seedlings using different Pythium isolates
originally collected from the roots of glyphosate-treated bean

seedlings (PIB).

Pythium species

% Pre-emergence damping-off mortality «

RFLaf’ngype wheat corn pepper sunflower

P. ultimum type Bla 95 a 96 a 100 a 35 ab
P. ultimum type Blb 91 ab 92 ab 100 a 23 abe
P. ultimum type B2 93 ab 92 ab 100 a 48 a
P. irregulare type Bl 88 ab 98 a 100 a 25 abc
P. irregulare type B2 82 ab 40 abc 100 a 47 a
P. 'HS group type B1 26 de 47 abc 15¢ 3c

P. ' HS group type B2 84 ab 47 abc 100 a 2c

P. sylvaticum type B1 50 cd 53 abc 100 a 22 abc
P. sylvaticumtype B2 63 be 60 abc 87b 10 be
P. sylvaticum type B3 76 abc 55 abc 72 b 27 abc
P. sylvaticumtype B4 15e 10 ¢ 27 c 5¢
P. sylvaticum type BS5 21 de 23 be 90 ab Oc

P. sylvaticumtype B6 12e 37 abc 30c 5¢
P. coloratum type Bl 10 e 57 abc 100 a 27 abe
P. coloratum type B2 9e 9e 100 a 10 be

« Mean mortalities from three repeated trials, with three replicate plates

used for each isolate per trial. Twenty seeds were used per plate

and mortality recorded 2 weeks after inoculation. Values within

column followed by the same letter/s are not significantly different

from each other (P<0.05) according to Bonferroni's test.
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The least virulent isolates, P. coloratum RFLP types B1 and B2; Pythium
‘'HS’ group RFLP type Bl: and P. sylvaticum RFLP types B4, B5, and B6
caused pre-emergence damping-off ranging from 9 to 26%.

All PIB were also virulent to varying degrees on germinating corn
seeds (Table 7). P. iregulare RFLP type Bl and P. ultimumn RFLP type Bla
were the most virulent isolates, causing 97 and 98% pre-emergence
damping-off, respectively. P. sylvaticum RFLP types B4 and B5 were the
least virulent isolates, causing pre-emergence damping-off ranging from
7 to 10%. The remaining isolates caused pre-emergence damping-off
ranging from 23 to 92%, which was intermediate between the highest
and the lowest % damping off obtained by PIB on germinating corn
seeds.

The different PIB were virulent to varying degrees on germinating
pepper seeds (Table 7). All isolates of P. ultimum, P. irregulare, and P.
coloratum as well as Pythium 'HS’ group RFLP type B2 and P. sylvaticum
RFLP type Bl caused 100% pre-emergence damping-off. P. sylvaticum
types B2, B3, and B5 caused mortalities ranging from 72 to 90%.
Pythium 'HS' group RFLP type B1, and P. sylvaticum RFLP types B4 and
B6 were the least virulent, causing 15 to 30% mortality on pepper
seedlings.

PIB were generally less virulent to germinating sunflower seeds
than to bean (Table 2), wheat, corn and pepper (Table 7). The most
virulent isolates were P. ultimum RFLP type B2 and P. irregulare RFLP
type B2, causing 48% and 47% mortalities, respectively. P. ultimumn RFLP
types Bla and B1b; P. irregulare RFLP type B1; P. sylvaticum RFLP type
B1, B2, and B3; and P. coloratum types B1 and B2 caused mortalities
ranging from 10 to 35%. Mortalities caused by the least virulent isolates,
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Pythium 'HS’ RFLP types Bl and B2, and P. sylvaticum RFLP types B4,
B5, and B6, ranged from 0 to 5%.

Virulence of PIW on germinating wheat and bean seeds

All isolates of PIW were also virulent to varying degrees on
germinating wheat seeds (Table 8). P. ultimum RFLP types W1, W2 and
W3 were the most virulent, causing 95% mortality. P. coloratum RFLP
type W1 and P. irregulare RFLP type W1 were the least virulent, causing
20% mortality. All the other PIW were intermediate in virulence, causing
mortality ranging from 25 to 63%. When the same Pythium isolates were
tested on beans, all except P. coloratum type W2 were virulent to varying
degrees. P. ultimum RFLP types W1, W2, W3 and W4 were the most
virulent, causing 85% pre-emergence damping-off while P. coloratum
RFLP type W1, P. irregulare RFLP type W1, and P. sylvaticum types W2
and W6 were the least virulent, causing 8 to 23% mortality. P. sylvaticum
types W1, W3, W4, W5 and W7 were intermediate in virulence, causing

25 to 45% mortality on germinating bean seeds.

Virulence of PIVH on germinating bean seeds

The varying virulence of PIVH on germinating bean seeds are
shown in Table 9. P. aphanidermatum caused the highest pre-emergence
damping-off (94%). followed by P. spinosum (66%) and P. splendens
(27%), P. paroecandrum (19%) and P. arthenomanes (5%). P. coloratum,
P. vanterpooli, P. hypogynum, P. sulcatum and P. acanthicum isolates did
not cause mortality on germinating bean seeds.
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Table 8. Mortalities observed in pathogenicity tests on germinating wheat
and bean seeds using Pythium isolates obtained from roots of
glyphosate-treated wheat seedlings (PIW).

Pythium species % Pre-emergence damping-off mortality «
RFLP grnpe wheat beans
P. ultimum type W1 95 a 85a
P. ultimum type W2 g5a 85a
P. ultimum type W3 95 a 85a
P. ultimum type W4 62 b 85a
P. irregulare type W1 20d 8 cd
P. sylvaticum type W1 48 bc 25b
P. sylvaticum type W2 63 b 23 cd
P. sylvaticum type W3 60 b 45 ab
P. sylvaticum type W4 52 be 35b
P. sylvaticum type W5 25 cd 28 b
P. sylvaticum type W6 30 bed 15 cd
P. sylvaticum type W7 45 bed 42 ab
P. coloratum type W1 38 bed Ocd
P. coloratum type W2 20d 15 cd

« Mean mortalities from three repeated trials, with three replicate plates
used for each isolate per trial. Twenty seeds were used per plate
and mortality recorded 2 weeks after inoculation. Values within
column followed by the same letter/s are not significantly different
from each other (P<0.05) according to Bonferroni's test.
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Table 9. Mortalities observed in pathogenicity tests on germinating bean
seeds using isolates of Pythium species obtained from various
glyphosate-untreated hosts and soil (PIVH).

Pythium species % pre-emergence damping-off «
P. aphanidermatum 94 a
P. spinosum 66 b
P. splendens 27 c
P. paroecandrum 19¢
P. arrhenomanes 5d
P. coloratum od
P. vanterpooli od
P. hypogynum od
P. sulcatum od
P. acanthicum od

« Mean mortalities from three repeated trials, with three replicate plates
used for each isolate per trial. Twenty seeds were used per plate
and mortality recorded 2 weeks after inoculation. Values within
column followed by the same letter are not significantly different
from each other (P<0.05) according to Bonferroni's test.
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Pythium isolates growth in-vitro

Pythium isolates within PBI, PIW and PIVH groups showed varying
growth 24 h after inoculation on PDA (Table 10). Among PBI group, the
fastest-growing isolate was P. sylvaticum RFLP type B2 and the slowest-
growing isolate was P. sylvaticum RFLP type B4. In PIW group. the
fastest-growing isolate was P. ultimum type W1 and the slowest-growing
isolate was P. sylvaticum RFLP type W3. In PIVH, P. spinosum and P.
sulcatum were the fastest and the slowest-growing isolates, respectively.
Other isolates within PBI, PIW and PIVH groups had colony diameters
which were intermediate compared to the growth of the fastest- and

slowest-growing isolates within their 1cspective groups.

Correlation of growth, virulence and glyphosate LDg, values

There was a positive relationship between Pythium growth rates
and virulence among all Pythium isolate groups on bean, wheat, corn,
sunflower and pepper (Figure 10). However, significant correlations of
these factors wefe only obtained with PIB on beans (r=0.69), wheat
(r=0.75) and com (r=0.68). These significant correlations were not
confirmed by the results of an analysis of variance on the differences in
virulence of the various Pythium isolates that were grouped under fast,
moderately-fast and slow-growing categories.

Correlation analysis of Pythium growth rate and glyphosate LDg
values on various hosts tested generally showed a negative relationship
(Figure 11). However, only the correlation result obtained from PIVH on
beans was significant (r=-0.75). This significant correlation was not
confirmed in the analysis of variance of the differences in the glyphosate
LDgg values of isolates that were classified under fast-, moderately fast-
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Figure 11. Correlation of the glyphosate LD;, values of Pythium isolates

from bean (PIB), Pythium isolates from wheat (PIW) and Pythium
isolates from various hosts (PIVH) on different dicot plant

species tested vs the respective growth rates of these isolates
on PDA. Correlation coefficient (r) with * is significant
at P=0.05.
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and slow-growing categories.

Correlation tests of virulence of Pythium isolates vs their
glyphosate LDsg values on various hosts tested revealed a negative
relationship (Figure 12), with significant results observed on PIB on bean
(r=-0.69), PIW on bean (r=-0.68), and PIB on pepper (r=-0.76). Only the
significant correlations observed in PW1 on bean and PBI on pepper were
confirmed by the significant results of the analysis of variance on the
differences of the glyphosate LDgg values obtained by Pythium isolates
that were grouped as highly-virulent, moderately virulent and least
virulent. The glyphosate LDg( values obtained by the least virulent
isolates were significantly diffei :nt (P=0.05) from those obtained by
moderately and highly virulent isolates according to Tukey's test. The
glyphosate LDgq vaiues obtained by moderately virulent isolates and very

virulent isolates were not significantly different from each other.

DISCUSSION

The variation in significant differences observed between repeated
experiments illustrates the complexity of interactions between
components of the soil ecosystem during GSI. Since it is impossible to
control all variables in the soil ecosystem, conclusions regarding
Pythium-plant species specificities during GSI must be based on the
overall trend of several replicated GSI tests.

In general, the significance of GSI as evidenced by the magnitude
of differences in glyphosate LDgq values obtained in the absence and
resence of different Pythium isolates was greater on dicot than on

monocot test plants.
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This may be due to the substantial differences in glyphosate sensitivity
observed between the two plant groups, as seen in the lower glyphosate
dosages needed to cause equivalent plant mortalities on monocot than on
dicot plant species.

GSI tests of PIW on wheat and reciprocal GSI tests of PIB on wheat
and corn were not conclusive with regard to the determination of host
specificity of these isolates as glyphosate synergists. However, a lack of
specificity for the various herbaceous dicot hosts was clearly evident for
Pythium isolates studied. All PIW were glyphosate synergists on bean
seedlings, and all PIB were also glyphosate synergists on sunflower and
pepper seedlings. Results from these tests showed no evidence for host
specificity during GSI involving Pythium species on herbaceous dicot
seedlings.

A differential GSI response was observed on apple seedlings for two
isolates of Pythium (Lévesque et al., 1992). In: this experiment, the isolate
obtained from beans was P. ultimum, but the isolate obtained from apple
was not identified. It is possible that the contrasting GSI effect observed
on apple seedlings was due to different Pythium species used. It is also
likely that the differences between a woody and a herbaceous dicot
species might result in specificities not observed among herbaceous dicot
species. These possibilities notwithstanding, our results clearly support
the conclusion that many different isolates and species of Pythium are
capable of GSI with a general lack of specificity on diverse species of
herbaceous dicot seedlings. This is not unexpected, given the wide host
ranges of most Pythium species.

The Pythium species that were isolated from the roots of
glyphosate-treated bean and wheat seedlings were generally similar



81
except for the presence of Pythium 'HS’ group among PIB but not among
PIW. Thus, the GSI tests that utilized Pythium species not represented in
the PIB and PIW groups were needed to confirm whether other Pythium
species were also capable of GSI. To date, 13 different Pythium species
have been tested for GSI (five isolated from glvphosate-treated plants,
eight from glyphosate-untreated hosts and soil). The finding that at least
some isolates of all 13 species are capable of GSI suggests that other
species of Pythium may also behave as glyphosate synergists on
herbicide-treated plants in the field.

The different species of Pythium varied in their virulence to
germinating seeds of herbacéous dicot species. This was an expected
result since Pythium generally causes disease on diverse plant species,
both monocot and dicot, ranging from herbaceous and woody (Her.drix
and Campbell, 1973). Pythium causes different diseases depending on
the growth stage of the host. Mature plants are affected by Pythium at
root tips and root hairs, causing a subtle overall decline of plant health
over time (Mircetich, 1971). Succulent and juvenile stem and root tissues
of seedlings and germinating seeds are commonly attacked below the soil
line, which results in girdling of the seedling stemn and a watery decay of
germinating seeds (Singh and Singh, 1984). The most prominent
indication of severe Pythium attack on seedlings is manifested by
damping-off, characterised by toppling-over of affected seedlings on the
soil surface. Pythium can also be part of a disease complex on mature
trees by causing synergistic interactions with other types of soil-borne
microorganisms, as in apple replant disease (Braun, 1991), crown rot of
apples trees (Jeffers et al, 1982) and root rot of young apple trees
(Utkhede and Smith, 1991).
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The virulence of the various isolates of Pythium species from PIW
and PIB groups on their respective reciprocal hosts showed indications of
host preferences when the most virulent Pythium isolates were
considered. The most virulent isolate of P. ultimum in the PIB group
appeared to be more virulent on germinating bean seeds than on wheat.
In contrast, the most virulent isolate of P. ultimum in the PIW group was
less virulent on beans than on wheat. PIB were generally less virulent on
sunflower than on beans or on pepper seeds. The presence of antifungal
metabolites, (sesquiterpene lactones) in sunflower could have contributed
to its resistance against Pythium (Spring et al.,, 1982).

It was observed in Chapter 2 that fast-growing isolates of Pythium
appeared to colonize the roots of glyphosate-treated rlants sooner than
did slower-growing isolates, suggesting a possible relationship between
growth rate and virulence. This observation was not strongly supported
by the correlation analyses of these factors in the three Pythium isolate
groups tested. Therefore, Pythium growth rate is not a consistent
predictor of Pythium virulence. Pythium growth rate was also inconsistent
in predicting the isolates’ glyphosate synergisic potential. It is probable
that growth rate in-vitro may not reflect the rate of growth in-vivo.

Although significant correlations of virulence and glyphosate LDg
values of PBI on bean and pepper and PIW on bean seedlings were
observed, inconsistent significant correlation results among the three
Pythium isolate groups and hosts tested indicated that Pythium virulence
could not predict an isolate’s potential as a glyphosate synergist. This
was clearly seen from the results of GSI tests conducted using PIVH. P.
coloratum and P. hypogynum were non-pathogenic on germinating bean
seedlings, but their efficacy as glyphosate synergists was similar to those
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of P. aphanidermatum, the most virulent isolate. The ability of the non-
pathogenic Pythium species to act as glyphosate synergist on bean
seedlings clearly suggests that virulence is not the only factor involved in
GSI. It is possible that the ability to produce pectinolytic enzymes may
influence the efficacy of an isolate in colonizing the roots of glyphosate-
treated plants.

The evidence that diverse Pythium species are capable of GSI and
are generally non-host specific, at least on herbaceous dicot seedlings,
and that these same isolates are pathogenic on germinating seeds
highlights possible risks that might be associated with recurrent use of
glyphosate as a herbicide and crop desiccant. Such risks might also be
associated with the use of glyphosate on genetically engineered
glyphosate-tolerant crops. There is both direct and indirect evidence that
the population dynamics of soil microbes in the soil can be affected for
short periods by glyphosate treatment (Lévesque and Rahe, 1987;
Lévesque and Rahe, 1992; Smiley et al., 1992). However, the meager
published reports in relation to the extensive use of glyphosate-
containing herbicides over the past two decades suggests that noticeable
enhancement of root disease by glyphosate is not common. However,
Pythium infections on mature plants are usually not discernable due to
the insidious nature of pathogen development; as a result, any subtle
effects on overall yield may go unnoticed. Research to assess the impact
of glyphosate on long-term root rot disease potential of field soils and of
sublethal doses on the activity of deleterious root microflora in perennial

crops is clearly needed.



Chapter IV
GLPHOSATE TREATMENT OF BEAN SEEDLINGS CAUSES
SHORT-TERM INCREASES IN PYTHIUM POPULATIONS
AND DAMPING-OFF POTENTIAL IN SOILS

INTRODUCTION

Research conducted under laboratory conditions has identified
soil*>rne fungi in the genera Pythium and Fusarium as the primary root
colonists of glyphosate-treated bean and wheat seedlings (Lévesque et al.,
1993a). Rest .s from pathogenicity tests with several Pythium isolates
indicated that, ordinarily, root infection by Pythium spp. was tolerated by
untreated 2-week-old bean, pepper, and sunflower seedlings. However,
when comparable seedlings were treated with glyphosate doses that
were sublethal in sterile soil, the combination of herbicide and Pythium
resulted in plant death (Descalzo et al., 1996b).

Poor establishment and growth of a succeeding crop has
sometimes occurred in the field where glyphosate has been used to kill
weeds before direct seeding of crops. Lynch and Penn (1982) attributed
such effects or damage to toxins released from the decaying weed
residues, as well as to increased inoculum potential of pathogens that
were able to utilize the herbicide-treated weeds as substrates. Similar
secondary herbicidal effects have been described in the Pacific Northwest
of the USA and in Australia, where glvphosate-based herbicides are
routinely used prior to direct seeding of cereals. Smiley et al. (19¢2)
observed that glyphosate, when applied to kill voluniteer cereals and
weeds shortly before planting of spring barley, favored Rhizoctonia root
rot of the newly planted crop. They hypothesized that the Rhizoctonia
inoculum potential peaked within a few days after glyphosate treatment

84
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and then declined. Roget et al. (1987) reported a similar pattern of
disease in Australia asssociated with the application of paraquat + diquat
+ cyanazine. Blowes (1987) examined the causes of poor barley seedling
emergence in Australia where root residues from glyphosate-treated
ryegrass were present in the soil. While he concluded that plant root
residues may have supported an increase of Pythium inoculum in moist
soils, no measurements of Pythium populations were made before or after
the ryegrass was treated. Instead, the increased infection of the barley
seedlings by Pythium was used as evidence to support the conclusion
that Pythium populations in the soil had been enhanced by the use of
glyphosate. Lévesque et al. (1987) reported an increased number of
colony forming units (CFU) of Fusarium spp. per g of soil in plots where
glyphosate was used to kill weeds. However, they found that crops
subsequently sown in these plots were not adversely affected.

Recently, Descalzo et al. {1996a) described the relative synergistic
potential of various Pythium species on beans. Isolates of P. ultimum were
among the most effective glyphosate synergists while P. coloratum
isolates were non-glyphosate synergistic. Currently, there is no
information on the effect of glyphosate-treated plants on the population
dynamics of glyphosate synergistic Pythium (GSP) and non-GSP in soil.
Such information is needed to assess the potential side effects of the use
of glyphosate for weed control on crop lands, since several Pythium
species are pathogens of germinating seeds, seedlings and mature plants

(Van Der Plaats-Niterink, 1981).

This chapter describes the results of experiments to determine the
effects of herbicide-treated plants on the population dynamics of Pythium

in soil. The effect of root residues from glyphosate-treated bean plants on
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the dynamics of the overall population of Pythium in field soil was
investigated. In addition, the potential of glyphosate or paraquat to
selectively increase the population of GSP in soil was compared by using
root residues from plants treated with either herbicides and quantifying
the populations of GSP and non-GSP isolates in autoclaved sandy loam
soil. Damping-off pathogenicity tests were also done to determine
whether changes in the populations of introduced Pythiuum would affect

their pathogenic potential on germinating crop seeds.

MATERIALS AND METHODS

Effect of bean root residues on the general Pythium population in
soil

About 100 kg of a muck (humic) soil (OM= 40%, pH= 4.0) were
taken from a field near Cloverdale, B.C. that had previously been cropped
to vegetables, and placed in a 100 L plastic container. The soil was kept
moist and stored in the container at room temperature for about a month
before it was passed through a 4.5 mm sieve to remove large organic
debris. The soil was mixed thoroughly and 2.5 kg portions were placed in
2 L plastic pots. The following treatments were randomly assigned to
individual pots: A) untreated soil, B) soil planted to beans, C) soil planted
to beans and treated with glyphosate, and D) soil amended with heat-
killed bean roots. Four replicate pots were used per treatment. The
experiment was conducted once.

Bean seeds (Phaseolus vulgaris L. cv. Topcrop) were surface
disinfected with 1% NaOQOClI solution for 5 min and washed three times

with distilled water. Two seeds were sown in each of the pots assigned to



treatnents B and C. Each pot was placed on a separate plastic dish to
prevent cross contamination of leachate between the pots. Individual
pots representing each treatment were randomly placed on 35x45 cm
plastic trays (randomized complete block design) and kept in a growth
room with a 16-h photoperiod and 25:19°C (day:night) temperature
regime. The light intensity at plant height was 230 pmol m=2 s-1. The soil
was kept moist by daily addition of 100 mL of distilled water per pot. In
lieu of distilled water, each pot received 100 mL of solution containing
0.004 g of 20-20-20 fertilizer per L of distilled water 1 week after seeding.

Two weeks after seeding, leaves of plants growing in pots of
treatment C were sprayed with glyphosate (as Roundup® at 6 mL/L)
until wet. Material was prepared for treatment D by collecting and killing
the roots of 2-week-old bean plants grown in autoclaved Metro-mix™ by
plunging them in boiling water for 10 sec and then air drying the roots
overnight. One g of air dried roots was buried in the soil of each pot of
treatment D in a 5-cm-deep hole in the center of the pot. The hole was
then covered with soil from the same pot. Treatments D and C were
applied at the same time.

Scil populations of Pythium were estimated at O, 3, 6, and 10 days
after herbicide treatment (DAHT) by dilution plating of soil samples from
the pots on a Pythium-selective medium as described by Ali-Stayeh et al.
(1986), but with vancomycin omitted. At each sampling time,
approximately 25 g of soil was sampled from a depth of 15 cm at each of
four equidistant locations in each pot using a soil core borer sterilized
with 75% EtOH. The four samples per pot were mixed thoroughly and
then two 5 g (fresh weight) sub samples were taken. One sub sample was

dried at 90°C overnight and used tc estimate the percentage of soil

87



moisture. The other sub sample was suspended in a 500 mL flask with
0.08 % water agar (WA) to bring the volume of the suspension to 250 mL,
then the flask was placed on a rotary shaker for 30 min. Five mL of the
resulting soil suspension were mixed with 95 mL of 0.08% WA to yield a
1:1000 dilution, and 1 mL aliqouts of this dilution were poured onto
solidified Pythium-selective medium (Ali-Shtayeh et al., 1986). The soil
solution was spread evenly over the medium by rotating the plates. Six to
eight plates were used per pot per sampling time. After incubation of the
plates in the dark at 22-23°C for 24 h, the soil solution was washed off
the surface of the plates under slowly running tap water and Pythium
colonies were marked. The plates were then incubated for a further 24 h
to allow slow-growing colonies to be located. Quantitative estimates of
the number of propagules per g dry weight of soil were calculated by
multiplying the mean number of Pythium colonies per plate by the
dilution factor, and then the product was divided by the dry weight of the

oven dried soil sample.

Effect of herbicide-treated plants on the population dynamics of
GSP and non-GSP

Isolates of P. ultimum RFLP type la and P. coloratum RFLP type 1
used in this experiment were selected from a collection of Pythium
isolates that were originally obtained from glyphosate-treated bean
plants grown in different soils taken from various sites in British
Columbia. The two selected isolates were a strong glyphosate synergist
and a non-glyphosate synergist on bean plants, respectively (Chapter 2).

One hundred kg of sandy loam soil (OM= 12%, pH= 5.0) was taken
from a field near Aldergrove, B.C., that hud previously been cropped to
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vegetables. The soil was kept moist and was passed through a 4.5 mm
sieve to remove large debris. Batches of 2 kg of soil were put in
autoclavable plastic bags and sterilized at 121°C for 45 min on each of 2
consecutive days. The soil was left in the sealed bags at room
temperature (20-23°C) for 4 weeks before inoculation with either P.
ultimum or P. coloratum. Inoculum was made by growing both fungi
separately in stationary culture in V8-cholesterol broth (Ayers and
Lumsden 1975) for 8 days. The mycelia were collected and rinsed with
sterile distilled water on a Buchner funnel lined with filter paper. The
mycelial mats were aseptically cut into nominal 1 cm?2 pieces with a
scalpel, and suspended in 0.08 % sterile WA at 1 g fresh weight per 100
mL, and macerated in a Sorvall blender for 20 sec. Inoculation was done
by mixing 10 mL of the resulting mycelial suspension per 150 g of soil
{dry weight basis). The soil samples inoculated with the different Pythium
species were aseptically transferred into separate 100 L disinfected
plastic containers, covered with tight lids and kept at room temperature.
The progress of colonization of these soils by P. ultimum or P.
ccloratum was monitored using a soil plating procedure similar to that
used above except that soil plating was done at 3-day intervals from day
0, until 42 days after inoculation (DAI). Aseptic technique was used when
taking the soil samples from the 100 L containers at each sampling time,
and when removing the soil needed for the treatment pots at 30 DAI.
Each of the Pythium-inoculated soils was mixed thoroughly in the
separate containers after 30 days of incubation, then 2.5 kg portions
were weighed into pots similar to those used in experiment 1. The
following treatments were randomly assigned to individual pots: A)
inoculated soil; B) inoculated soil planted with beans; C) inoculated soil
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planted with beans and treated with glyphosate; and D) inoculated soil
planted with beans and treated with paraquat. Each of the four
treatments were used for P. ultimum- and P. coloratum-inoculated soil.
Three replicate pots were used for each treatment.

Seeding and growing conditions nised in this experiment were
similar to those of the first experiment. Two weeks after the beans were
seeded, the plants growing in pots C and D were treated with glyphosate
(as Roundup® at 6 mL/L) and paraquat (as Gramoxone® at 9 mL/L)
respectively, by spraying the leaves with the herbicide solution until they
were wet. The soil populations of Pythium in each pot were determined at
0, 3,6,9, 12, 15, 18 and 21 days after herbicide treatment (DAHT) using
the soil plating procedure described previously.

Pre-emergence damping-off pathogenicity tests were conducted at
each soil sampling time, using soils from the same samples used to
estimate Pythium populations. Ten g portions of soil were put into 1x5.5
cm Petri plates. Twenty seeds of surface-disinfected pepper (Capsicum
frutescens L. cv. California Wonder) or sunflower (Helianthus anuus L. cv.
Sunwheat 101), were sown on top of the soil. Three replicate plates were
used per host. The seeded plates were watered using a hand-held sprayer
with approximately 3 mL of distilled water per plate. The lids of plates
were replaced and the seeded plates were placed in a tray lined with a
single layer of moistened paper towel. The tray was covered compietely
with Saran wrap™ plastic film to minimize water evaporation during
incubation for 1 week at 20-23°C. The numbers of dead and living
seedlings were counted 1 week after seeding and the percent damping-off

was computed.
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Statistical Analysis

P. ultimum and P. coloratum populations were separately analyzed
during each plating period since nc simple linear or nonlinear models
that would adequately describe the data could be found. Logarithmic
transformation of population data were done before conducting the
analysis of variance (ANOVA) in SAS statistical package (1985). Tukey's
test was used to compare the differences between treatment means.
ANOVA was also used on arcsine-transformed pre-emergence damping-
off data for each plating period. Multiple comparisons between
treatments were made using Tukey's test.

To determine the relationships between Pythium population levels
and their pathogenic potential, Pythium population estimates were
correlated with the correponding percent pre-emergence damping-off
observed for each soil sample. Arcsine trarisformed damping-off data

were used in the correlation tests.

RESULTS

Effect of various bean roo’. residues on the general Pythium
population in muck soil

The populations of Pythium in the pots comprising the various
treatments at the start of the experiment ranged from 690 to 904 CFU
per g of dry soil (Figure 13) which were not significantly different from
one another. There were also no significant differences in the general
Pythium population among the various treatments compared with the
control at 3 and 10 DAHT. However, significant differences were observed
at 6 DAHT, where the general Pythium populations in pots containing the
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glyphosate-treated beans (C) and heat-killed bean roots (D) were
significantly higher than with untreated beans (B) and control (A). The
Pythiwm population in pots with untreated beans (B) was not significantly
different from control (A).

Colonization of autoclaved soil by P. ultimum and P. coloratum

The estimates of CFU of P. ultimum and P. coloratumn following
introduction of these fungi into autoclaved sandy loam soil are shown in
Figure 14. P. ultimum increased from 8 CFU per g of dry soil immediately
after inoculation to 17 CFU and 165 CFU by 3 and 6 DAI, respectively.
This was followed by fluctuations between 131 and 236 CFU during 9 to
42 DAI. The P. coloratum population in the soil increased from 95 CFU
immediately after inoculation to 6861 CFU by day 9. The population
level ranged between 6500 and 9500 CFU during the period 12 to 21 DAI
and then declined to 1900 CFU at 27 DAI, and ranged between 1100 and
2100 CFU for the duration of the sampling period.

Symptom development on bean plants treated with herbicides

Untreated bean plants grown in both the naturally Pythium-
infested muck soil and in the P. ultimum- or P. coloratum-inoculated
sandy loam soil appeared healthy throughout the experiments. The
glyphosate-treated bean plants in both experiments developed necrotic
leaf spots within 2 days after treatinent. Roots and stem tissues below
the soil surface had rotted by 3 days after treatment in plants growing in
the P. ultimum-inoculated soil, and the rot progressed rapidly upward
and killed the plants by 4 DAHT. Root rot symptoms on glyphosate-
treated plants growing in the P. coloratum-inoculated soil occurred 3 days
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later than those growing in P. ultimum-inoculated soil, and the plants
died several days later.

In contrast, paraquat-treated bean plants in both the P. ultimum-
and P. coloratum-inoculated soils showed drying of the leaves and stems
1 DAHT. The symptoms progressed to bleaching of the dry leaves and
stems by 2 DAHT. The stems immediately above and below the soil
surface appeared turgid and intact even at 6 and 9 DAHT, but root rot
and collapse of the stems below the soil surface occurred by 12 to 15
DAHT. The dry wilted leaves of paraquat-sprayed plants were noticeably
bleached in appearance, in contrast to the wilted leaves of the

glyphosate-sprayed plants which remained green.

Effects of herbicide-treated plants on population dynamics of
P. ultimum and P. coloratum

Soil populations of P. ultimum were generally enhanced
approximately 10-fold over the control in the treatments involving bean
roots from untreated bean plants, glyphosate-treated bean plants and
paraquat-treated bean plants during the period 6-9 DAHT. A similar but
slower and less uniform response was seen for P. coloratum (Figure 15).
No consistent differences in the responses to the three treatments
involving bean roots were evident, although a distinct population peak in
the bean + glyphosate treatinent was evident at 9 DAHT for P. ultimumn,
and at 9, 12 and 15 DAHT for P. coloratum.

Virulence of P. ultimum and P. coloratum on germinating pepper
and sunflower seeds

Pre-emergence damping-off of germinating pepper seeds that were

planted in P. ultimum- or P. coloratum-inoculated soil of the various
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treatments at O, 3, 6, 9, 12, 15, 18, and 21 DAHT ranged from 98 to
100% for P. ultimum and 94 to 98% for P. coloratum, with no significant
differences among any of the variables {fungal species, treatment, DAHT).

Sunflower was much less sensitive than pepper to damping-off.
The P. ultimum-inoculated soils from the various treatments produced an
overall range of 1 to 32 % pre-emergence damping-off, and except at O
DAHT, there were significant differences among the various treatments
(Figure 16). More damping off occurred in soils from all three treatments
involving beans than in the control {(plain inoculated soil) at all sampling
times between 6 and 12 DAHT. The highest pre-emergence damping-off
of sunflower occurred at 9 DAHT in soils from pots planted with
glyphosate-treated beans. When the data for the P. ultimum soil plating
and sunflower damping-cff were compared, a positive correlation between
the estimated density of CFU and the percent damping-off of sunflower
was apparent.

A low (0.6 - 8.8 %) overall range of pre-emergence damping-off was
observed when P. coloratum-inoculated soils from various treatments
were used for sunflower pathogenicity tests (Figure 16). Except at times O
and 3 DAHT, significant differences were observed among the treatments.
The highest pre-emergence damping-off occurred at 15 DAHT on seeds in
soils from pots planted with glyphosate-treated beans. A trend similar to
that noticed in P. ultimum-inoculated soil for increased damping-off in
the soils with the higher P. coloratum populations was observed.

Separate correlation analyses of relationships between Pythium
populations and damping-off of sunflower were done for data obtained
from each treatment of both Pythium isolates (Table 11). Correlation
coefficients (r) of individual treatment data ranged from 0.54 to 0.98,
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Table 11. Summary of correlation analyses for populations of Pythium
ultimum and P. coloratum against the corresponding pre-emergence
damping-off observed in germinating sunflower seeds.

Correlation number
Treatments coefficient of data
(r) (n)e

P. ultimum

soil 0.75.. 24
soil + bean 0.94 24
soil + bean + glyphosate 0.98, 24
soil + bean + paraquat 0.64,, 24
combined data 0.93 96
P. coloratum

soil :* 24
soil + bean . 24
soil + bean + glyphosate .- 24
soil + bean + paraquat . 24
combined data 96

*
significant at P = 0.006
** significant at P = 0.0001

@ Population levels and % pre-emergence damping-off data obtained at
each plating period for each treatment per isolate were combined
and correlation test of population vs damping-off were done. Data
from all treatments per isolate were also combined and overall
correlation of population vs damping-off were determined.



100

indicating significant correlations between Pythium populations and pre-
emergence damping-off of sunflower in both P. ultimum- and P.
coloratum-inoculated soils. Overall correlation of pooled data from all
treatments for each isolate tested were also significant with r values of

0.93 and 0.92 for P. ultimum and P. coloratum, respectively.

DISCUSSION

Naturally occurring populations of Pythium species, representing
undefined components of a complex microflora in a natural soil, and
populations of P. ultimum and P. coloratumn that were introduced into
sterilized soil were enhanced by the presence of dead and dying bean
roots. The Pythium populations in both situations began to decline,
presumably towards baseline levels, following the observed population
increases. The enhanced populations of both GSP and non-GSP in
inoculated soils due to glyphesate or paraquat treatment of bean plants
growing in these soils resulted in an associated increase in damping off
potential of the soil. Thus, the results indicate that root residues in soil
from various sources, including those from herbicide-treated plants, can
cause temporary increases in Pythium populations, and associated
increases in damping off potential. The general pattern of sudden
Pythium population enhancement in both experiments after herbicide
treatment of bean plants is consistent with the findings of other
researchers whe showed root residues from various sources in soil
caused temporary elevations of various fungal populations (Lynch and
Penn, 1982; Blowes, 1887; Lévesque et al., 1987 and Smiley et al., 1992).
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The strong correlations that were observed between the CFU
estimates and pre-emergence damping-off of germinating sunflower seeds
indicate that the propagules that gave rise to CFU's on the Pythium-
selective medium were generally capable of infecting germinating seeds.

Sunflower was more resistant to damping-off than was pepper; a
similar difference was reported previously (Descalzo et al., 1996b). There
were more than 150 P. ultimum and 62 P. coloratum CFU per g of dry soil
in the entire soil plating period. It was apparent that pepper seeds
succumb to the damping-off infection even at these lowest Pythium
population levels in the soil. If the population density of both Pythium
species had been lower, a difference in pre-emergence damping-off may
have been detected.

Although glyphosate treatment of bean plants did not selectively
enhance the isolated populations of a GSP over a non-GSP in a simplified
soil microflora, differential reponses were observed between the two
species in the glyphosate-treated plants. Symptom development and
death of the glyphosate-treated plants occurred earlier in P. ultimum-
than in P. coloratum- inoculated soil, and this difference was reflected in
the earlier time at which the P. ultimum population peaked when
compared to P. coloratum. Since P. ultimum was a fast-growing and more
virulent pathogen on 2-week-old bean plants than P. coloratum (Descalzo
et al., 1996a), the difference in the time of peaking of populations of
these two species in pots containing glyphosate-treated bean plants may
be attributed to inherent differences in their growth rates and
aggressiveness as pathogens.

Another biological difference between the GSP and non-GSP was

their saprophytic behaviour in autoclaved soil. P. coloratum appeared to
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be a more efficient saprophyte than P. ultimum since it produced the
higher number of CFU during the entire incubation period. Also, the
response of the two species to colonization of the previously axenic sandy
loam soils by airborne microbial contaminants which were unavoidably
introduced when the Pythium-inoculated soils were potted at 30 DAI was
different. The number of P. coloratum CFU was reduced from < 2000 to
62-150 CFU per g of dry soil at this time and for the remainder of the
experiment in the controls. In contrast, the axenic population of P.
ultimum during the same periods did not show any appreciable decline
after exposure of the soil to airborne contaminants. This differential
response suggests that P. ultimum may be more competitive against
microbial competition than P. coloratum.

The glyphosate LDg for bean seedlings growing in the presence of
the GSP and non-GSP isolates used in this experiment was shown to be
0.5 and 50 ug a.i. per plant, respectively (Descalzo et al.,, 1996a). In the
present study, the dose of glyphosate used was comparable to the
recommended field application rate, and higher than 50 ug a.i. per plant.
This dose would kill bean seedlings directly (without the involvement of
GSP), and it is likely that the results described here were at least
partially a general response of Pythium spp. to the presence of an
available nutrient source in the form of dying root biomass of the
herbicide-treated plants. A wider differential response might have
occurred if a lower glyphosate dose had been used, but the objective of
this study was to assess the effect of glyphosate treated plants on
population dynamics at simulated field application rates.

Knowing the time and duration of the increases of Pythium spp. in
soil following glyphosate-treatment of plants is of practical value in
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adjusting agricultural practices such as the setting of planting dates, the
use of resistant varieties, and crop rotations to avoid the potential
pathogenic effects of Pythium. This was demonstrated by the results
reported by Smiley et al, (1992) who showed that a 2- or 3-week delay in
planting of crops after glyphosate treatment, rather than the common
practice of planting immediately after spraying, could make a major
difference in the severity of Rhizoctonia root rot of spring barley.
Information on the actuai time and duration of population responses of
various important soilborne plant pathogens after glyphosate-treatment
is currently limited, since it is dependent on numerous parameters, such
as soil condition, type of hosts involved, and soil microbial interactions;

therefore, more research along this line is clearly needed.
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Chapter V

GENERAL DISCUSSION, SUMMARY
AND CONCLUSION

GENERAL DISCUSSION

Colonization of roots of ilyphosate-treated plants by Pythium

The non-specific nature of GSI involving Pythium suggests that the
mechanisms by which Pythium colonizes the roots of glyphosate-treated
plants is similar to the mechanisms by which Pythium saprophytically
colonizes organic substrates in soil. I propose the following scenario of
events to characterize the root colonization process of glyphosate-treated
plants by Pythium.

It is apparent that roots of plants killed by a lethal dose of
glyphosate were readily colonized by Pythium as saprophytes. In
contrast, there are indications that Pythium colonization of roots of
plants exposed to a sublethal dose of glyphosate occurred due to
glyphosate-mediated disease predisposition in plants. When a
glyphosate-containing herbicide is applied in a field situation, individual
plants may be exposed to either lethal or sublethal amounts of
glyphosaie. When plants are exposed to a lethal dose of glyphosate, they
are killed directly by the herbicide due to irreversible glyphosate-
mediated physiological changes in their normal metabolism. Soilborne
Pythium may respond to this situation by saprophytic colonization of the
dying roots of these p!znts. However, when plants are exposed to a

sublethal dose of glyphosate, they undergo various physiological changes
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which are not necessarily lethal (Stasiak et al., 1992). Some of these
physiological effects can be observed as phytotoxic symptcms exibited by
recovering plants. Other effects of sublethal doses of glyphosate in plants
may not be noticeable, such as enhanced root exudation, reduced
lignification in root tissues (Liu, 1995) and decreased lignin content of
plant tissues (Saltveit, 1988). Enhanced root exudation stimulates
Pythium propagules within the vicinity of the roots to germinate and start
the root colonization process (Campbell and Hendrix, 1973). Reduced
lignification of root tissues could favor rapid colonization and spread of

thium inside the tap root and the stem tissues (Liu, 1995). In healthy
plants, proliferation and spread of Pythium within the main root system
is prevented by lignified cell walls, and Pythium may remain contained in
the root hair zone (Miller et al., 1966). When lignification is reduced by a
sublethal dose of glyphosate, Pythium containzd in the root hairs can
resume colonization of the main roots, eventually killing the plant in the
process. After the root system of herbicide-treated plants is colonized,
Pythium produces reproductive structures, such as sporangia and
oospores, which remain dormant in the soil until they are stimulated to
germinate again to begin another saprophytic or parasitic infection cycle.
This may explain the temporary increases in Pythium population in soil
after herbicide treatment of plants.

Characteristics of Pythium as a successful root colonist

Competition among soilborne microorganisms to colonize a
potential substrate in soil is intense. Pythium spp. in general are weak
competitors for substrates that are already colonized by other

microorganisms (Barton, 1961; Marx, 1972). To compensate for this,
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Pythium spp. utilize four strategies to survive in nature and achieve a
strong competitive position in soil. First, Pythium has evolved a
mechanism to detect the presence of potential substrates by responding
quickly to exudates from plant residues and roots, thereby enabling it to
be an opportunistic pioneer colonizer of living, dying or dead substrates
(Nelson, 1991). Second, Pythium rapidly colonizes and assimilates
substrates, and converts them into persistent dormant propagules, a
phenomenon that Bruel (1975) described as “passive possession of
substrates”. Conversion of a substrate into numerous finite propagules
gives Pythium a capability for spatial distribution in soil, which increases
its chances of encountering potential hosts. Third, Pythium is a well-
adapted parasite of plants, it has evolved the ability to infect roots of
seedlings and root hairs of mature plants by rapid germination of
infective propagules in response to germinating seed volatiles and root
exudates in the soil (Nelson, 1987; Miller et al., 1966). Fourth, Pythium
has developed the capability to parasitize more than one plant species, a
characteristic which enhances its opportunities for survival in soil. The
evolution of these characteristics enables Pythium to successfully
compete with other soilborne microflora despite its inability to compete
effectively for non-virgin substrates. These characteristics of Pythium

make it well adapted for rapid root colonization of glyphosate-treated
plants.

Interspecific competition among Pythium and other soilborne fungi

Interspecific competition among various Pythium species may
occur when plants are exposed to a sublethal dose of glyphosate. It was

observed in Chapter 2 that the fast-growing Pythiwm isolates (in-vitro
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growth rate) were obtained earlier from roots of glyphosate-treated bean
seedlings than were the slower-growing isolates. When the fast- and
slow-growing isolates were separately tested for GSI, the results showed
that both slow and fast-growing Pythium isolates were capable of killing
plants treated with sublethal doses of glyphosate 4 weeks after
treatment. This result suggests that competition between fast- and slow-
growing isolates could occur under natural conditions in the field. Those
isolates that penetrate and colonize the root tissues earlier will likely be
the more efficient glyphosate synergists in nature. This aspect of GSI was
not investigated in this study. Studying the competition among various
Pythium species in colonizing the roots of glyphosate-treated plants may
show the possibility of selective enhancement of the population of
aggressive Pythium isolates over less aggressive isolates.

The non-specific nature of GSI indicates that other soilborne fungi
may also act as glyphosate synergists. There are reported cases of
enhanced Rhizoctonia disease in barley that were planted immeciiately
after glyphosate treatment of weeds (Smiley et al., 1992, Roget et al.,
1992). Johal and Rahe (1984) isolated several fungi from the roots of
glyphosate-treated bean seedlings grown in natural soil aside from
Pythiwn spp.-, and these included Fusarium spp:, Acremonium spp. and
Trichoderma spp. The initial root colonization of glyphosate-treated plants
by Pythium could be followed by secondary invaders. The possible effects
of secondary invaders of roots of glyphosate-treated plants in the GSI
phenomenon were not examined in this study. Assessment of the
occurrence of successions of fungal root colonists of glyphosate-treated

plants should be considered in future research.
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Potential effect of GSI in increased use of glyphosate

The exclusive authority of Monsanto Corporation to market
glyphosate worldwide expired in 1990. As a result, many chemical
companies are now able to market a generic herbicide identical to
glyphosate. Market competition among various chemical companies will
lower the price for glyphosate. The amount of glyphosate used for
currently approved purposes is also expected to increase in response to a
decrease in price. In Canada, the newly approved application for
glyphosate use as a pre-harvest treatment and as a crop desiccant on
major cereal grains and oilseeds will also likely increase the use of
glyphosate. Although results from my research showed that increases in
Pythium populations after glyphosate-treatment of plants are likely to be
temporary in nature, the compounding effect of repeated glyphosate
applications over time is still unknown. It is possible that repeated use of
glyphosate in the same area could result in increased Pythium
populations over time. This aspect of Pythium population enhancement is
important to consider because the nature and effect of Pythium diseases
are often overlooked in mature plants, but their effects may be eventually
reflected in reduced crop yields. Thus, it is important to determine the
effects of GSI in mature herbaceous plants as well as in woody plant
species.

Another future situation that guarantees increased usage of
glyphosate is in the planting of glyphosate resistant crops. Glyphosate
tolerant crops are designed in such a way that glyphosate can be applied
in areas where these crops are planted (Mannion, 1995). This type of
modern farming technology is almost certain to result in the increased

use of glyphosate. There is no information on the resistance of glyphosate
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tolerant crops to Pythium infection. As mentioned earlier, Pythium
infection is not easily observed in mature plants, but its effect in
decreasing overall yield may be significant. It is, therefore, necessary to
determine the effect of Pythium infection in glyphosate tolerant crops,
and the effect of glyphosate tolerant crops in Pythium population
dynamics after glyphosate treatment.

Potential research uses of GSI

The potential of using the phenomenon of GSI involving various
species of pathogenic Pythium as a research tool is increased now that
specificity relationships during GSI are defined. The use of seedlings
treated with a sublethal dose of glyphosate to selectively isolate the
fungal pathogens involved in complex diseases such as apple replant and
apple crown rot should be explored.

GSI may also be applied as a method for screening various
bacterial and fungal biocontrol agents against important Pythium
diseases of economic crops. This can be done by testing the potential of
candidate biocontrol agents to protect the roots of plant treated with a
sublethal dose of glyphosate from colonization by Pythium

SUMMARY AND CONCLUSION

Various Pythium species were capable of GSI in various dicot
seedlings. These glyphosate synergistic Pythium (GSP) were widely
distributed in five different soils of varying types and cropping histories.
No evidence was found for GSI host specificity among the Pythium

isolates collected from glyphosate-treated beans and wheat, and among
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Pythium isolates from various glyphosate-untreated hosts. The majority
of the Pythium isolates tested were found to be pathogenic at varying
degrees to germinating seeds of various plants.

Inconsistent correlations between glyphosate LD50 values vs
Pythium growth rates in-vitro and virulence indicates the ineffectiveness
of using these biological characteristics to predict an isolate's efﬁcacy as
a glyphosate synergist.

The general Pythium population in natural muck soil and the
isolated populations of GSP and non-GSP introduced into sandy loam
soil were significantly enhanced by the presence in the soil of bean root
residues from various sources. The Pythium population increases in both
cases occurred immediately after bean root residues became available as
substrate (i.e. after foliar application of herbicides or soil amendment
with heat-killed bean roots). There were strong positive correlations
observed between the population estimates obtair:.cd by soil dilution
plating and damping-off of sunflower for both GSP (P. ultimum) and non-
GSP (P. coloratum). These results indicate that herbicide treatment of
plants can cause at least temporary increases in Pythium populations
and in the damping-off potential of soils.

In conclusion, the results obtained in this study show that GSI
occurs in piants exposed to a sublethal dose of glyphosate. The
involvement of Pythium species in GSI was attributed to its inherent
character as an opportunist and pioneer colonist of virgin, organic
substrates in soil. The effects of Pythium spp. as glyphosate synergists
can be characterized as the initial phase of saprophytic substrate

colonization of roots of glyphosate-treated plants.
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Future research should consider the effect of interspecific
competition between Pythium species in GSI. Research to examine the
possibility of the role of secondary invaders of roots of plants treated with
glyphosate is also recommended. The potential of using the principles of
GSI as research tools in isolation of soilborne fungal pathogens of
complex diseases, and as a testing protocol for potential biocontrol

agents should be investigated.
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