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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 Pythiwn in GSI is lacking, 

therefore, tihe following topics were investigated: Pythiwn species capable 

of GSI and their distribution in soils; host-spe~~city of glyphosate 

synergistic Pythium (GSP); virulence of GSP to healthy seedlings in the 

absence of glyphosate; relationship of characteristics of Pythium such as 

in-uitro growth and virulence to an isolate's efficacy as a synergist; and 

the eRects of glyphosate-treated plants on the populations of natural and 

introduced Pytftium in soil. 

Thirty-nine P y m  isolates representing 14 species were tested 

for GSI on 2-week-old bean seedlings. To identify GSP, LDS0 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 LD50 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 &om various untreated hosts. Most isolates tested were 

pathogenic to varying degrees on germinating seeds of wheat, corn, bean, 

pepper and sunflower. In-vib-o growth and virulence by the various 

isolates were poorly correlated with their efficacy as synergists. 

Natural Pytfriwn 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 seedlhgs 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. 



Dedication 

To Delia and RG. Kirby Descalzo, 

for making my life complete ... 
RD. 



f -wish ta express my L ~ ~ ~ s  to n ~ y  senior supervisor, Dr. James E. 

W e ,  for encouraging me to study the phenomenon of GSI and for giving 

me all the support a graduate student needs; and to other members of 

my research committee: Dr. Zamir K. Punja, for his helpful suggestions 

and criticisms; and Dr. Andre Uvesque, for showing me the ropes of 

logistic regression analysis and valuable comments in data presentation. 

I gratefully acknowledge the assistance of Dr. Donald J.S. Barr of 

Biosystematic Research, Ottawa in conflnning the identity of the Pythium 

isolates; and to Dr. David Shew of North Carolina State University, for 

sending the Pythium isolates from the collection of Dr. Gloria Abad that 

were used in this work. 

My gratitude is also expressed to the generosity and help of the 

following individuals during the conduct of this research. To Beata Lees 

of r~thbridge Agricultural Research Station, for providing the sunflower 

seeds; to Dr. Victor Bo-me, for his expert advise in photography; to 

Bruce Leightor;, for lending some equipment needed in the experiments; 

and to Tania Thenu, Ananchanok Tirajoh and Quiang Wang for their 

help in planting and care of test plants used in LD50 experiments. 

I would also like to thank Dr. H.R. Mac Carthy for his editorial 

comments durfng the writing of the thesis. 

My heartfelt thanks to Delia S. Descalzo for her help in the 

preliminary experiments and for her encouragement throughout the 

duration of my Ph.D. program. 

Finally, I am very grateful to the Natural Sciences and Engineering 

Research Council of Canada for funding this research through grant to 



Dr. James E. Rhe; and dso to Simon Fraser University for the Graduate 

Fellowships, Graduate Student Conference Travel awards and President 

Research Stipend awarded to me. 



TABLEOFCONTENTS 

A provd ............................................................................................... ii ... ................................................................................................ J s t r a c t  1x1 
.............................................................................................. Dedication v 

................................................................................ Acknowledgements vi ... 
Table of Contents ................................................................................ mil ... ....................................................................................... List of Tables x u 1  

....................................................................................... List of Figures xv 

................................................... Chapter I. GENERAL JNTRODUCTION 1 

........................................................................... Section I . Glyphosate - 1  

Glyphosate Development History ........................................ 1 

............................................................. Uses of Glyphosate 2 

................................................................... Mode of Action -3 

Direct Effects of Glyphosate to Soil Microorganisms ............ 5 

Indirect Effects of Glyphosate to Soil Microoprganisms: ........ 7 

Interactions with plant pathogens ............................ 7 
........................... Glyphosate synergistic interaction 11 

............................................................ Section I1 . The Genus Pyth iwn 12 

Biology and Life Cycle of Pythium in Soil. ............................ 13 

.................................................. Germination Phase 14 
........................................................ Infection Phase 14 

................................................... Saprophytic Phase 15 

Techniques in Qthium Identiflcatjon .................................. 15 

......................... Symptoms of Pythiunz Diseases in Plants: '17 

............................................................ Damping.oB 17 
Infection of mature plants and 

.................................... soft rot of succulent tissues 1 8  

Factors Affecting Pythium Survival in Soil ............................ 18 

Microbid Interactions Affecting Pyftriwn in Soil. .................. 22 

viii 



Chapter I1 . ISOLATION. IDENTIFICATION AND TESTING 
OF P=nW SPECIES AS GLWHOSPtTE 
SYNERGISTS ...................................................................... 26 

INTRODUCTION ......................................................................... 26 

MATERIALS AND METHODS ...................................................... 27 

Isolation of putative GSP ................................................... 27 

Identification of Pythiunr isolates. ...................................... 28 

A. Colony morphology. growth rate. 
and reproductive structures ................................ 28 

B . Differentiation of Pythium isolates 
by Resmction Fragment Length 
Polyrnorphisms (RFLP) of told DNA ..................... 29 

Statistical analysis of growth rates and 
......................................................................... RFLP data 31 

Pythium isolates as  glyphosate synergists .......................... 31 

...................................... Pathogenicity of Pythium isolates -33 

................................................................................... RESULTS. 34 

..................................................... Identification of isolates 34 

.................................................................... DNA analysis -35 

Pythium growth rates and colony 
................................................................... characteristics 43 

........................... Pythium growth rates and RFLP grouping 43 

..................... GSI of 15 Pythium isolates on bean seedlings 45 

............................................................. Pathogenicity tests 47 

.............................................................................. DISCUSSION 49 



Charr-ier HI . ASSESSMENT OF HOST SPECIFICITY AMONG 
i 

DIFFERENT SPECIES OF GLYPHOSATE 
SYNERGfSTfC Pk"lTIW ..............*..................................... 54 

MATEF2W-S METHODS ...................................................... 55 

.............................................. Sources of Pythium isolates -55 

Determination of glyphosate LD 
for plants grown &I soils infeste do values 

............................................ with various Pythium isolates 57 

Pythium growth rates in-vitro and 
............................................................ pathogenicity tests 59 

Correlation of Pythium growth rate. 
......................................... virulence. and glyphosate LDS0 59 

.................................................................................. RESULTS -61 

GSI effects of PIB on bean. wheat and 
................................................................... corn seedlings 61 

GSI effects of PIW on wheat and bean 
.......................................................................... seedlings -63 

GSI effects of PIB on other &cot 
..................................................................... plant species 65 

................................ GSI effects of PIVH on bean seedlings 65 

Virulence of PIE3 on geminating 
seeds of various plants ...................................................... 68 

Virulence of PIW on enninating 
wheat and bean see d s ....................................................... 71 

Virulence of PIVH on germinating 
bean seeds ........................................................................ 71 

......................................... Pythium isolates growth hvitro 74 

Correlation of growth rates. virulence 
............................................. and 8;rnhosate iD50 values 74 

DISCUSSION ............................................................................. 78 



Chapter IV. GLYPHUSATE TEIEATMENT OF BEAN SEEDLINGS 
CAUSES SHOTCT-TERM INCREASES IN PlTH&?M 
POPUTfONS AND DAMPING-OFF POTEAWU IN 
SOILS.. ............ ... .......................................................... .84 

MATERlALS AND METHODS.. ................................................... .86 

Effect of bean root residues 
on the general Pythium population in 
soil.. ................................................................................ -86 

Effect of herbicide-treated plants 
on the population dynamics of GSP 
and nun-GSP.. ................................................................. -88 

Statistical analysis.. ......................................................... .9 1 

RESULTS.. ................................................................................ .9 1 

Effect of various bean root residues 
Pythium population 

.................................................................... -9 1 

Colonization of autoclaved soil by 
........................................... P. ulfimum and P. cobratwn.. .93 

Symptom development on bean plants 
txeated with herbf cibes. ................................................... .93 

Effects of herbicide-treated plants on 
population dynamics of P* tdthmm 
and P. cobraturn.. ........................................................... .95 

Virulence off .  ultimwn and 
P. cobraturn on germinating pepper 
and sunflower seeds... ..................................................... .95 

......................................................................... DISCUSSION.. ,100 



C-bpter VI GENERAL DILSCULSSION. SLIM IWJX.. -AND 
CONCLUSION ................................................................... 104 

GENERAL DISCUSSION ........................................................... -104 

Colonization of roots of gfyphosate-treated 
plants by Pyt hiztm.. ......................................................... -104 

Characteristics of Pythiwn as a successful 
root colonist ..................................................................... 105 

lnterspecific competition among PyWum 
................................................. and other soilborne fungi 106 

Potential effect of GSI in increased use 
................................................................... of glyphosate 108 

......................................... Potential research uses of GSI 109 

S U M M Y  AMI) CONCLUSION ................................................. 109 

............................................... LmRATURE CITED ....................... .. 112 

xii 



Table 

Numbers of isolates of different s~ecies 
and groups of Pythium obtained fiom roots 
of lyphosate-treated bean seedlings grown 
in 8 ive different soils. ............................................................... .39 

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 .................................................... 42 

Results of Variance Components Procedure of 
colony diameters after 24 h in axenic culture 
for 65 P y t h - i  isolates grouped within species, 
RFLP group within species, and isolates within RFLP 
group.The emr tern represents the variation of 
replicate plates within isolates.. .............................................. .44 

Mortalities observed in pathogenicity tests 
for different R~thium isolates on bean 
seedlings [cv. Topcrop). ........................................................... .48 

Pythium species and the numbers of eno es 
represented among isolates obtained 8 rom % e 

hosate-treated bean (PIB) and 
.............................................................. 56 

Different Pythium species obtained from 
various hosts and soil that were not treated 
with glyphosate (PlVH) ............................................................ .58 

Mortalities ~bserved in pathogenicity tests 
on wheat, corn, pe per and sunflower seedlings 
using different Py 3: ium isolates originally 
collected from the roots of gyphosate-treated 
bean seedlings (PIB). ............................................................... -69 

Mortalities observed in pathogenicity tests 
wheat and bean seeds using 

ium isolates obtained from roots of 
............................... glyphosate-treated wheat seedlings (PTW). .72 

Mortalities observed in pathogenicity tests 
on enninating bean seeds using isolates of 
Py&ium species obtained from various 

............................ glyphosate-untreated hosts and soil (PIVH). .73 



Table Page 

10 Growth on PDA of various Pythiwn isolates 
collected from the roots of glyphosate-treated 
bean seedlings (PIB] , glyphosate- treated wheat 
seedlings (PIW) and from various glyphosate-untreated 

........................................ hosts (PIVH) 24 h after inoculation.. -75 

1 1 Summary of correlation analyses for populations 
of Pythium ultimum and P. coloraturn against 
the corresponding pre-emergence darnping- 

.......................... off observed in germinating sunflower seeds.. .99 

xiv 



L!-ST OF FIGURES 

Figure Page 

Colony characteristics of 15 representative 
Pythium isolates. P. ultimum (A and C ) ;  
Pythium 'G' group (8); P. sylvatlcwn 
( D ,  E ,  F ,  G, H, and I); P. irregdare 
[J and K) ; P. coloraturn (L and M ) ;  and 
Pythium 'HS' group (N arid 0) ..................... 

A) Pythiz.cn ultimwn antheridium and oogonium. 
B) P. ultimum germinating sporangium, 
C )  Antheridia and oogonium of compatible 
P. sylvaticum, D) Pythium 'G' group globose-type 
sporangia, E) P. irregulare antheridium and 
oogonium, and F) Pythiz.cn 'HS' group hyphal 
swelling structures. Magnification: A, C, 

.......... D, E, and F bar=0,2 m; B bar=0.02 rnm. 

A) Pythium cobrahim lon filamentous zoospore 
discharge tube (arrow), B f P. coloraturn germinating 
(arrow) and enc sted zoospores, C) P. coloraturn 
sporagia (arrow r , and Dl An empty globose 
zoosporangium, the type seen in P. dtimum and 
Pythium 'G' group. Magnification A, B, and 
C, bar=0.2 mm; md D, bar=0.02 mm ...................................... .38 

RFLF patterns of A) Hind 111- and 
B) EcoR I-digested DNA of Pythium isolates 
obtained from roots of gl hosate-treated beari 
seedlings grown in five d' 3 erent soils. ...................................... .4 1 

Effect of isolates of various species of 
Pythium obtained from the roots of 
glyphosate-treated beans on glyphosate LDS0 
on bean seedlings. Means and standard errors 
from three experiments are shown on each line ........................ 46 

Effect of isolates of various species of 
Pythium obtained from the roots of 
glyphosate-treated beans on lyphosate LDS0 
on A) wheat and B) corn seed %I ' gs. Means 
and standard errors from three or two 

......................................... experiments are shown on each line 62 



Figure Page 

Effect of isolates of various species of 
Pyifiium obtained from the roots of 
glyphosate-treated wheat on lyphosate LD50 
on A) wheat and B) bean see f lings. Means 
and standard errors from two experiments 
are shown on each line ...................................... 

Effect of isolates of various species of 
Pythium obtained from the roots of 
glyphosate-treated beans on glyphosate LD50 
on A) surdf3ower and B) pepper seediings. Means 
and standard errors from two experiments are 
shown on each line.. ............................................................. ..66 

Effect of different species of Pythium 
obtained from various glyphosate-untreated 
hosts and soil on glyphosate LD50 on bean 
seedlings. Means and standard errors fiom 
two experiments are shown on each line .................................. 67 

Correlation of growth rates (mm/24h) in-vitro of 
Pythiurn isolates from beans (PIB), Pythium 
isolates from wheat (PNCT) and Pythiwn 
isolates from various hosts (PIVH) vs their 
pre-emergence damping-off on different host 
species. Correlation coeffecients (r) with * 

C are sigrahicant at P=9.05 ....................................... 

Conrelation of the glyphosate LD values of 
Pythiwn isolates from beans (PIBY: Pyfhium isolates 
from wheat (PIUT) and Pythium isolates from 
various hosts (PIVH) on different dicot plant 
s ecies tested vs the respective growth rates F o these isolates on PDA. Correlation coeffecient (r) 
with ' is significant at P=0.05.. .................................. 

Correlation of gl hosate LD values of 
Pythium isolates % om beans ~?IB). Pythium 
isolates from wheat (PIUT) and thium isolates 
from various hosts (PM-I) on 3 erent dicot 
plant species tested vs their respective 

E re-emergence damping-off on the same 
ost plants. Correlation coeffecients (r) 
with * are significant at P=0.05 .............................................. 79 

xvi 



Figure Page 

The effect of bean root residues on the 
general population of Pythtum in potted 
muck soil. Symbols at 6 DAHT followed by 
the same letter are not significantly 
different from each other (P=0.05). .......................................... -92 

Population dynamics of Pythiwn dtimwn 
and P. c o Z o r m  inoculated into 

................................................... autoclaved sandy loam soil.. -94 

The effect of herbicide-treated bean 
plants on the population d amics of P Pythium dtimum and P. co ratum inoculated 
into autoclaved soil. Symbols within the 
same DAHT followed by the same letter/s are 
not si@cantly different from each other 

.................................................................. (P=O.OS). 

Pre-emergence damping-off observed in 
germinating sunflower seeds in Pythium 
dtimum- and P. cobraturn-inoculated soil 
collected at different DAHT from pots 
that were used to grow the herbicide-treated 
bean plants. Symbols within the same DAHT 
followed by the same letter/s are not 
s i d c a n t l v  different from each other (P=0.05) ....................... .98 



Chapter X 

GENERAL INTRODUCTION 

The subject of this thesis is the study of interactions that occur in 

glphosate-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 gly-phosate and qjttrium are presented in the following two 

sections. 

Section 1. Glyphosate 

Glyphosate Development History 

In the late 1960ts, 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] glycinef , was discovered in 197 1 by researchers at 

Monsanto Agricultural Products Co. (Baird et d, 197 1). 

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, 

198 1). The translocation and accumulation of glyphosate in plant 

meristems enable it to control perennial weeds that are extensively 

rooted and vegetatively propagated, such as couch grass (Agropyron 

repens), thistle (Cirsiwn aruense), 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, 1 385). 

Uses of Glyphosate 

Glyphosate is sucessfully marketed in 1 19 countries under various 

tradenames, such as Roundup@, Vision@, Rodeo@ and KleenupB. It is 

labelled for use on more than 50 agricultural crops and also for 

application in industrial and forestry sites (Grossbard and Atkinson, 

1985). I t s  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-hamest control of annual and perennial weeds in continous, 

summerfallow and minimum W g e  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 management tool (crop desiccant) in Canada in 1991 (Doliner 

and Stewart, 1992). With these newly approved uses for glyphosate, 

some predictions me that as a crop desiccant, glyphosate might be 

applied to 5 to 10 million hectares of prairie croplands (Rahe et d, 

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 Lphenylalaninc, 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 IAeory of aromatic amino acid depletion by glyphosate was 

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



demonstrated the reversal of toxicity by aromatic amino acids in 

Escherichia coti Chlamydomonas reinhardit and in tissue culture cells of 

carrot (DQUCUS carrotd and soybean (Glycine maxj. 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 

from 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 chbiophyll synthesis (Hollander and 

Amhein, 1980; Kitchen et d, 198 1; Lee, 198 l), protein synthesis (Cole 

et d , l983), auxin production (Lee, 1 982), and ammonia accumulation 

(Cole et d, 1980). While these physiological effects were commonly 

proposed as part of the mechanism of glyphonate 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. Conflfmation 

of this mode of action for glyphosate came when plant cel 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 shikirnic acid pathway 

(Amrhein et d. 1983; NafZfger et d, 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 (Cornai et d, 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, Gtyrosine and ttryptophan 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 shikimlc acid pathway is present in rnicrorganisms 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 comnerciaily formulated glyphosate on plant 

pathogenic fungi, Septonk 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 mmber 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 , a d  Pseudornonas 

meofasciens (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 (Schub et d , 1 9843, and pronounced differences 

between species and isolates were noted (Rogers et d, 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 EFSP synthase that were eventually 

c l~ned  and used in genetic engineering of glyphosate-resistant plants 

discussed earlier (Comai et d ; L 983). 

There are very few reports of glyphosate toxicity to soil algae. 

Glyphosate was found to affect photosynthesis in Scenedesmus spp. 

wan Rensen, 19741, Euglena gracilis (Sichardson et d, 1979). and 



CNorellcs sorokiniana (Christy et d, 1961). It has been suggested that an 

dgd-based bioassay could be a sensitive tool for quantification of 

residual glyphosate in the soil (Richardson et d, 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 d, 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 

cellulybc fungi in soil, but inhibition occurred only at concentrations well 

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

Interactions with ~ l a n t    at hop ens. Interrelations between 

herbicides and plant pathogens are complex. Literature reviews of 

herbicide and plant disease interactions have been done by Altman and 

Campbell f 1977); Akma.~ and Rovira (1989); and Uvesqtre and M e  

119923; -Many herbicides, including glmhosate, may inhibit growth, spore 

formation, germination and aggressiveness of plant pathogens, properties 

which might be utilized fur disease control. Unfortunately, too few data 

are available to permit a general conclusion about the potential of 



dyphosate for inhibiting spore production by pathogens on treated plant 

residues [Crossbard, 1985). The few documented exampks of glyphosate 

mhibitory effects on spore formation in pathogenic fungi on treated 

plants were observed in Rhymosporium seedis  on barley {Grossbard. 

1985) and Pyrenopfrora mi-repent is  on greenhouse-grown wheat 

[Shanna et aL , 1 989). 

In contrast, a relatively large number of reports have indicated the 

potential of glyphosate-killed plants for providing a genzrai nutrient 

source for microorganisms, including plant pathogens. When glyphosate 

was applied as a crop deslaxmt,, it provided fungal paLhogens 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 d, 1982). Glyphosate could also influence 

reinfection by controlling weed hosts and volunteer plants. Eradication 

of such plants might be beneficial if they act as alternate hosts. 

Conversely, dead plants could be h d l  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 cutmorum on piant hosts 

weakened by acetic acid that were exuded from dead or dying rhizomes of 

Agropyron repens killed by glyphosate [Lynch and Perm, 1982). 

Other examples of indirect interaction of glyphosate have been 

associated with the use of glyphosate in agrkuiturai areas. In wesitern 

Australia, extensive crop losses occurred following the use of glyphosate 

moundup@) immediately before fie direct M i n g  of cereals: these losses 

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



built-up to high levels on pasture residues after glyphosate use [Blowes, 

f 987). Research from Oregon State has demonstrated that Rhizoctonia 

sotani can be a major prubtem 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 [Smiiey et at, 1992). 

The interactions of herbicides and fungal root pathogens with 

special reference to glyphosate was reviewed recently by Uvesque and 

R;rfie t f 992). Their review summarized the most recent evidence of the 

impact of predisposition sf plants to root diseases by glyphosate. This 

interesting indirect effect of m h o s a t e  involves the interaction of three 

main factors, namely: gfyphosate, plant host arid soilborne 

mkroorganisms. The mechanism of predisposition of glyphosate-treated 

plants to foliar, stern and root pathogens seems to be well documented. 

Cfyphosate was found to bbcb the production of the phytodexin 

glyceollin in soy beans h m l a t e d  with the stem and root-infecting 

f w u s .  Pizytophtbra megasperma f. ssp. gtycinea (Keen et d, 1982) or 

with a leaf-infecting bacterium, Pseudomoms syringae, p. u. g2ycinea 

(Hofliday and Keen, 1 982). Their results demonstrated that inhibition of 

gtyceollln production rendered soy bean plants susceptible even to 

incomgsctlbIe strains of these pathogens. The production of glyceollin 

utilizes phenykhnine and tyrosine as precursors. Pre-feeding 

&~vphosate-&eated soy -beam writ& &ese rwo aromatic amino acids 

restored giyceo'h pn#iuction and total expression of resistance to the 

fungus and partial resistance to the bacterium. 

A similar mechanism of glyphosate-iP1Ctuced disease predisposition 

of bean hypcotyls was reported by Johal and F?ahe 11990). They 



demonstrated that treatment of bean plants with glyphosate reduced 

phaseoh  production in bean hypocotyls which resulted in the failure of 

bean plants to delimit the size of lesions caused by incompatible races of 

Colktotrichum lindemuthianurn 

Glyphosate-induced predisposition of plant roots to disease was 

reported by Brarnmal and Higgins (1987). They showed that colonization 

of root tissues in tomato seedlings genebcally resistant to Fusariurn 

oxysponun f.sp. radicis-lycopersici occurred following exposure to a 

sublethal dose of glyphosate 24 h prior to inoculation. They observed 

that the glyphosate-',?dwed co!cnkation 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 signiRcantly reduce 

lignification (Liu, 1995). Although this f3nding.i~ 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 lignjn. McClure and Robbins (1942) also 

demonstrated that lignrAcation of cell walls limited the advance of P. 

spkndens in cucumber -seedlings. The egect 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). 



Ghhosate s-vnergistic 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 s u ~ v e d  in sterilized soil. They 

demonstrated clearly that plants died after glyphosate treatment due to 

fungal colonization of the roots, principally by the soilborne fungi 

Pythiurn and Fusariu.?t They called this plant-herbicide-fungus 

relationship glyphosate synergistic interaction or GSI. 

Confinnation that soil microorganisms can alter the herbicidal 

action of glyphosate in plants came from the results of studies by 

Uvesque et d (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 aqeuous 

extract from natural soil but not if that extract was fiitered (0.2 pm) 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 Fusaniun spp. 

(Johal and Rahe, 1984; Uvesque et d, 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 GSP 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. ad 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. Lkvesque et aL. (1993a) showed that in bean and 

wheat seedlings grown in pots, colonization by Pgthium 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 m d  

ecology of members of this genus in the soil are known, and this is the 

subjeck 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 fn 1897 

transferred Pythium to a new family, F'ythiaceae, order Perenosporales, 

and class Oomycetes. Since then, its classification has remained 

unchanged (Domsch et d, 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 

wander Plaats-Niterink, 1981) and 125 species and four varieties (Dick, 

l99O), respectively. 



Pythium spp. are widely distributed in nature. Their wide range of 

adaptation is indicated by their abfit-y to cause diseases in many plants 

(Hendrix and Campbell, 19731, and in some cases in animals, such as 

fish (Scott and O'Brien, 19621, insects (Saunders et d, 1988) and horses 

(Alfaro and Mendoza, 1 990). 

Biology and Life Cycle of Pythium in Soil: 

Pythiurn spp. have hyaline, irregularly branched, coenocytx 

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, 198 1). 

Asexual reproduction by zoospore formation from either sporangia 

or oospores occurs in some Pythium 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 fiom 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 



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). Gemination 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. 

aphanidennatum, P. debaryanwn, P. dissotocurn, P, irregulare, P. 

perniciosum, P. sylvaticum, and P. ultimum (Sir@ and Singh, 1984). 

Cellulytic activity was also shown to be present in P. aphanidennatum, P. 

debaryanum, P. graminicola, P, intermedium, P. irreg-e, P. sclerotlchwn, 

and P. syluaticum (Deacon, 1979). 

Fungal mycelium invades cortical tissues extensively both i n b -  

and inter-cellularly (Nemec, 197 1). 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 secondq  thickenings 



are not completed (Adegbola and Hagedorn, 1969). The pathogen may 

form resting structures such as sporangia or oospores on necrotic plan: 

parts (Benard, 1 994). 

Sa~rophflic phase. Pythiwn may sunrive in the host tissues as 

mycelium, and may further colonize necrotic tissues saprophybcally in 

the soil before forrning oospores following exhaustion of nutrients or 

microbial antagonism (Hancock, 198 1). Oospores present in soil may 

germinate in the vicinity of a non-colonized substrate and colonize it 

saprophytically before forming another batch of oospores (Agmhotri, 

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 stimulated 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 enuiro~m-ental 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 



technology now pennit the rapid and reliable characterization of the 

genome using restriction endonucleases. This technique provides a new 

tool for reliable identification of Pythim 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 pattenis 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 (1 99 1) has constructed probes for P. o l igundm and P. 

syluaticum. Uvesque et d, (1994) have developed a probe for P. ultimum, 

and they are currently developing specifk probes for other major species 

of Pythium 

Other techniques which have been used for Pythium species 

identification include differences in cellular proteins (Clare et d, 1968; 

Adaskaveg, et d, 1988) and isozyrnes (Chen et d, 199 1). 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 difRculty associated with using morphological 

structures for idenwg Pythium, it remains the principal method used 

for species identification today. However, DNA pattern dHerences among 

various similar isolates are increasingly used to c o n f i  identifications 

based on morphology of reproductive structures. In the near future, 

molecular techniques will undoubtedly replace or complement the 



traditional method of Pythiwn 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 

seedhg emergence, the disease is called pre-emergence damping-off 

(Agnos, 1988). 

Seedlings that have already emerged are usually attacked in the 

roots and sometimes at or below the soil surface. The succulent tissues 

of seedhgs are easily penetrated by P y M  which invades and kills the 

cells rapidly. The invaded areas become water-soaked and discolored, 

=d 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 



portion, the seedling f d s  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, 197 1 ; Mircetich, 197 1). 

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" (Agrfos, 1988). 

Factors Affecting Pythium Survival in Soil 

The soil e~vironment 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. 



Pythlum spp. found in soil range from a saprophytes to facultative 

parasites of plants. Physical soil factors suck 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 conseqEence can indirectly influence the saprophybc and 

parasitic activities of resident Pythium populations. 

Of these factors, presence of virgin organic matter, soil moisture, 

soil aeration and soil temperature are the most important in saprophybc 

growth of fithiurn spp. in soil. P y t h h  generally needs an abundant 

supply of virgin orgardc substrate for sapropfiyhc 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 rnicroflora (Barton, 196 1). 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 (1  963) found that P, ultimwn 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 off. irregulare and P. v e x m .  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 ;br 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 

et d,  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. graminicela ad P- ~ f f k m w e s ,  have more tolerance to low 

moisture than other species, such as P. aphanidennahun and P. butkri 

(Kouyeas, 1964). The pathogenic stage of zoospore-producing species 

such as  P. vexculs 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 

gennination. If a sporangium germinates by a germ tube, only one 

infective propagule develops, but when germination by zoospores takes 

place, many individuals may arise frc p.n a single sporangium. In addition, 

zoospore formation &om a single sporangim of some Pythium species 

c m  be repeated as many as six times @gnihotri, 19W. The effects of soil 

moisture and soil aeration on Pythium parasitic activity in soii can be 

interrelated because the portion of soil pore space not occupied by water 

mdedes  is fUed with gas. Saturated soil conditions result in poor soil 

aeration, which affect Pythhm indirectly by reducing p b t  vigor and 

increasing root exudation, which stimulate germination of Pythfwn 

dormant propagules @Iebn. 1991). 



The effect of soil temperature on the Pythiurn 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 

f 1985) found that severe damping off of hydroponic-grown spinach 

caused by P. uphidermaturn occurred only during the summer months, 

when temperatures ranged fi-om 21-27"C, while damping-off caused by P. 

dissotocum occurred during cold winter months, with average 

temperatures of about 17•‹C. Shnilarly, seasonal differences in root 

colonization of alfalfa were evident, with P. dtimum predominant in the 

summer, and P. Wegulare 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-&, 1967). 

Soil pH can affect Pythhm 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 

@iendrix and Campbell, 1973). Studies done by Qian and Johnson 

( 1 987) indicated that raising soil pH from 4.3 to 6.1 reduced P. ultimwn 

oospre survival due to enhanced antagonist activity in the soil. It is 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. Cdcium from the liming material 

ICaC03, Ca[OW)2 and CaSO4) enhanced the suppressiveness of soils to 



P. splendens. The reasons for this phenomenon are not fully known. Kao 

and KO f 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 

lacreased calcium uptake by plants reduces the s~sceptibility of plant 

cell walls to lysis by enzymes produced by Pythium during infection 

f h n j a ,  1989). 

Nitrogen f e r t t t i o n  is h o w  to enhance or suppress Qthhm in 

the soil. High nitrogen may increase susceptibility to Pythim infection by 

prolonging succulent host growth and juvenility. However, when applied 

as urea, a negative effect on Pythiwn 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 soif microbes into ammonia and carbon dioxide 

(Chun and Lockwood, 1985). 

Microbial Interactions Affecting Pythium in Soil 

Bacteria, fungi and other small soil-dwelling organisms such as 

protozoans, nematodes, and arthropods, can compete with Pythiwn 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 fiom competition and 

antagonistic biochemical interactions against Pythbm to actual 

parasitism and predation of Pythium hyphae (Curl and Harper, 1990). 

Pyfhium is a n a i m  poor competitor for space and is usudly 

unsuccesshl in invading a pre-colonized substrate (Marx, 1972). This 



was aptly demonstrated by Elad and Chet (1987). who protected 

cucumber piants from Pyiihixun damping-off by coaiing the seeds with 

antagonist bacteria (Pserrdomonas putida and P. cepacia) before planting. 

Pythium spp. are known to be affected by antibiotic metabolites 

produced by bacteria and fungi. Tfiese metabolites may be specific or 

non-specific Iytic agents, enzymes, volatiles or other toxic compounds. 

Fur example, certain fluorescent pseudomonads such as  P. Juorescens, 

strain Pf-5, produce pyo tu ieo~ ,  which is effective against P. dtimum 

damping-off in cotton (Howell and Stipanovic, 1980). Another strain of P. 

jtuorescens. 2-79, isolated originally from a suppressive soil also 

produced an antibiotic identified as phenazine- 1 -carboqlic acid, which 

is inhibitory to a number of fungi, including Pytfrium aristospom 

(Gurusiddaiah et aL, 1986)* A ibgal organism such as Gliocladium 

v i r e ~ ~ ,  may produce an antibiotic metabolite called gliovirin which is 

active against P. ultimum damping-off of cotton (Howell and Stipanmic, 

1 9 a .  

Numerous soil bacteria have been shown to be capable of lysing 

P y t M m  hphae arid propagdes in soif. Enterobacter cbame controlled 

@tMm in peas, sugar beets, and cucumber by degrading the fungus 

mycelium (ffadar et at, 1983). PsettdOmo~c~s cepacia, strain AMMD, 

inhibited mycelid growth and @sed zoospores of Pythium 

aphan- [Parke, f 990). 

RE-- are !mown to be p a f t i z &  by other fitrr?-gi. ranging from 

~h~ytricfiomycetes to basidiomycetes. Some mycoparasites seem to 

specialize on Bythiwn, such as Woronina pythii a plasmodiophoromycete 

wh& can parasitize 15 species of Pgthiwn (Dyiewsld and Nlitler, 1983)- 

Some non-pfant pathogenic PyttritUn can parasitize pathogenic Pythium 



and other fungi. For example, P. nunn can displace P. uttimum from a 

previously occupied submate by parasitwing its hyphae (Paulitz and 

Baker, 1988). P. nunn also formed appressoria-like structures a d  

parasitized P. aphaniderwzhun, Rhizoctonia solani Phythophthora 

cinnamomi and P. purasitica (Lifshitz et d , 1984). 

Pythium are also preyed upon by small soil-dwelling animals like 

protozoans, arthropods, soil mites and nematodes. Their impact on 

Pythium 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 Pytt-zium population could be naturally regulated by predators and 

parasites. Man-made changes imposed on the natural ecosystem, as in 

modem 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 W e d  with glyphosate before planting of 

crops fDavies and Davies, 198 1 ; 'Fesar. 1984; Blowes, 1 987: Roget et a, 
1987; and S d e y  et d, 1992). It was speculated that the observed cases 

of increased sxdfing disp- in gfyphoste-treated areas may haye been 

the result of the phenomenon called glyphmate synergistic interaction as 

described in Section 1. Since very little is known about the basic 

mechanisms of GSI, a fismsed examination of the phenomenon is 

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



In this thesis, the role of Pythium spp. as glyphosate synergistic 

fungi 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 glvphosate 

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. 



Chapter IX 

INTRODUCTION 

Previous research has shown that the effect of the herbicide 

glyphosate on plants can be enhanced by certain soilborne fungi that act 

as  glyphosate synergists (Johal and Rahe, 1984; Rahe et aL, 1990; 

Mvesque and Rahe, 1992). Pythitr~n species appear to be the 

predominant root colonizers of glyphosate-treated seedlings (Uvesque et 

d, 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- 

enolpyruvylshikirnate-3-phosphate (EPSP) synthase (Amrhein et aL , 

1980), thereby reducing the production of phenolic compounds such as 

lignin precursors and some classes of phytoalerdns that may be involved 

in resistance of plants to root diseases (Bramrnall and Higgins, 1987). 

There is currently no information on the Pythium species that 

f-rinc'riofi 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 



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 (IS), 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 (IS) based on their structural 

characteris tics. 

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% NaOCl 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 



placed in a growth chamber set at 16 h daily photoperiod, 25: 19•‹C 

daymight 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 m-2 s-1 and the prevailing daytime RH was 5096. 

Glyphosate was applied at 2.5 pg a.i. per plant when the seedlings 

were 2 weeks old. The dose was two, 1.25 pL droplets of diluted 

commercial herbicide, RoundupB (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 Pythi--selective medium (Mircetich. 1971) using 

the plating technique developed by Gvesque, 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 

BDA. 

Identification of Pythium isolates: 

Colonv momholoc~v~growth rate. and re~roductive structures. 

Sixty-five Pytfiium isolates were inoculated separately onto soliciified 16 

ml PDA in 100x1 5 mm 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 



morphology of reproductive structures, growth rates, and colony 

morphology were used to identlfy the Pythium isolates to the species 

level, using keys developed by Waterhouse 11968) and Van der Plaats- 

Niterink (198 1). 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 bv Restriction Fragment Length 

Polvmomhisms [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 f ~ r  5-6 

days. Each isolate was separately inoculated as five 0.5 cm diam plugs in 

a 250 mL Erlenmeyer flask containing sterile 100 rnL 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 NaCl 

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 Na2EDTA, 0.2 M NaCl, 

1 .O% 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 half volume of phenol (Bethesda Research Laboratories 

[BRlJ. Inc) was added to the lysed mycellurn and mixed by gentle 

inversion of the tube, followed by centrifugation at 3500 rpm for 15 rnin. 



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 chlorofonn- 

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 rnin. The 95% EtOH was slowly decanted and 

the DNA was reprecipitated using 70% EtOH, and then briefly 

centrifuged to accumulate 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 Na2EDTA, 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 70Y0 ethanol as described above. The DNA pellet obtained after 

the addition of 70% ethanol was dried under vacuum and then dissolved 

in 50- 100 pL of TI3 buffer and stored at 4•‹C. 

Hind I11 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 I11 or EcoR I at 37•‹C for 2 h. The digests were then 

mixed with loading buffer (10X =15% Ficoll400, TBE 8X 0.25Oh 

bromophenol blue, arid 0.25% xylene cynole) and loaded into wells made 

the gel. The digests of isolates with similar colony characteri,stics were 

electrophoresed in separate lanes in the same gel to facilitate comparison 

among isolates. Electrophoresis was done at 0.5 V cm-1 in 0.7% agarom- 

ethidium bromide gel submerged in a 1X TBE buffer (89 mM Trfs-HCL, 



2.5 mM Na2EDTA, 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 nrn 

UV iight 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. 

Pgthium isolates as glyphosate synergists 

The potential of Pythiwn isolates to enhance the herbicidal efficacy 

of glyphosate was quantified by comparing LDS0 values estimated on 

bean seedlings [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 LDS0 values were 

selected based on preliminary tests which compared different plant 

growing media, concentration of Pyttriwn inoculum, methods of 

3mculation 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 (54~28x7 em) filled with 3.5 kg 

autoclaved sandy loam soil. Twenty seeds were planted in each of six 



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 Pythiurn 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 Biichner 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 pL 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 1-ow 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 Pythiwn isolate per experiment and the experiment 

was repeated at lezst twice. 

Data for the proportion of dead plants at different doses of 

glyphosate from each experiment were analyzed by stepwise Iogistfc 

regression using the GLIM statistical program (Baker and Nelder, 1987). 

The full logistic regression model was , = 
ea ,+b ,z  , an S-shaped curve 

1 + ea.+P,r 

that can be linearized by using the logit transfornation, 



= a, + P,x.  In this model, 71: is the proportion of dead plants, X = 

In (glyphosate dose + 1) and the intercept and the slope for the tth isolate 

are a and p, respectively. LD50 values were estimated by setting the 

regression expression for logit K in the fitted regression model equal to 

zero (O=ol+j3X~~&, i.e. X L D = = - ~ / ~  (Rahe et d, 1990). Standard errors 

were calculated for the estimated qo values using the propagation of 

errors formula for approximate variance of a transformed variable (Rice, 

? 988). The resulting untransformed LD50 values and their upper and 

lower asymetrical confidence iimits (+ or - S.E.) were obtained by 

applying the exponenGal frrsction LDW = exp fX50) - 1 to the symmetric~l 

upper and lower Wts for i n  (glyphosate dose + 1). Glyphosate LD50 

values for plants inoculated with different Pythium isolates were 

compared with the control using Bonferroni's t-test (Neter et d, 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-mixm 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. Topcropf were put on the 

surface of the Metro-mixY and additional Metro-mix" was added to 

barely cover the seeds. Appmrdmatefy 20 mL of sterirized 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 Eve 



seedlings in each Petri plate were recorded. Three replicate plates were 

used for each Pythiwn isofate. 

The potential of isolates to cause disease on emerged bean 

seedlings was assessed in two ways. In one test, 25 xnL of macerated 

mycelium was drenched at the base of 2-week-old bean plants growing in 

500 mL sterilized Metro-mixm contained in 15 cm diameter pots. One pot 

containing 20 seedlings was used for each isolate and the experiment 

was replcated three times. The Metro-mixn* 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 evaiua~on 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 contmfs in the € S f  tests conducted. Tfie number of dead 

plants was counted 4 weeks after inoculation. AMOVA was performed on 

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

RESULTS 



[Figure f 1. Some isolates of Pythium 'G' group, Pythium 'HS' group and all 

isolates of P. irregrrlare had distinctly large rosette patterns. P. cotoratun 

had appressed colony growth on PDA with a distinct smaller rosette 

pattern than that of PythiLun 'G' and 'HS' groups and P. irregulare (Figure 

f ). The commonly observed morphological features of isolates of P. 

ultimum, P. syluaticum. P. irregulare and Pythiwn '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 P y t h W  'G' group readily released zoospores kom globose 

spsrm@-llke structures [Figure 3) while P.  color^ released its 

zoospores from digitate. slightly inflated zoosporangia through long 

filamentous discharge tubes (Figure 3). None of the other Bythium 

isolates was observed to produce zoospores in response to any of the 

induction methods and temperature treatments used. 

The species of PytMwn and numbers of isolates obtained fiom the 

five soils are presented in Table 1. The highest number of isolates was 

obtained from M S  (20) followed by CRS (1 3, LS (141, 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 

spcces, such as P. irregulare, P. syfuaticum, P. cobrahtm. and Pythium 

"HS' group were spomdically present. 

Fourteen and 15 different RFLP pattems were obsenred among the 

65 ~~ isolates when the tcad DNA of each isofate was digested with 



Flgure 1. Colony characteristics of 15 representative Pythium isolates. P. 
u1timu.m (A and C). Pythium 'G' oup (B). P. syluatfcwn (D. E, F. G. 
H. and 1) ; P. irregulare (J and K ; P. c o l o r a h  (L and M); and 
Pythium 'HS' group (N and 0). 

Y 



Figure 2. A) Pythium dtimum antheridium and oogonium, B) P. dtimum 
germinating sporagium, C) Antheridia and oogonium of compatible 
P. sylvaticwn, D) Pythium 'G' group globose e 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=O.O2mm. 



igure 3. A) Pythium cobraturn long filamentous zoospore discharge tube 
(arrow) B) P. cobraturn germinating (arrow) and encysted 
zoospores, C) P. coloraturn sporangia (arrow), D) An empty globose 
zoosporangium, the type seen in P. ultimurn and Pythiwn 'G' group. 
Magnification A, B and C bar=0.2mm; D bar=0.02mm. 



Tabie I.  1Ciumbers of isolates of different species* and groups of Pythium 
obtained from roots of glyphosate-treated bean seedlings grown in 
five different soils.a 

P. %'group - 1 3 3 4 11  

P. dtimum - 4 7 9 6 26 

P. irregulare - 7 - 1 - 8 

P. sylvaticm 2 - 6 1 5 1 4  

P. coloraturn - - - - 3 3 

P. 'HS group - - 1 - 2 3 

Total: 
* 

a VS = virgin soil; ARS = replant soil; CRS = crown rot soil; LS = loam 
soil; and M S  = muck soil. 

* Identification of the species based on morphological characteristics 
of the isolates when grown on PDA and on grass-leaf cultures. 



Hind I11 and EcoR I restriction enzymes, respectively (Figure 4A and 4B). 

Two types of banding patterns were noted in the Hind I11 digests of DNA 

of the P. ultimum isolates. The corresponding isolates were designated P. 

ultimum RFLP types 1 and 2. Hind 111-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. u l t i m m  RFLP type 1 group. Six types of banding patterns were 

observed among isolates of P. sylvaticum, whereas isolates of P. 

irregulare, P. coloraturn and Pythium 'HS' group each yielded only two 

patterns. These isolates were subsequently differentiated and designated 

as P. s ylvaticm~ RFLP types 1,2,3,4,5, and 6; P. irregulare RFLP types 1 

and 2, P. cobrakun 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 111-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 111-digested 

DNA revealed two types of DNA patterns. As a result, P. ultimwn RFLP 

type 1 was divided into two subgroups called P, ultimum type l a  and P. 

ultimum type lb. Of the 26 isolates morphologically identifled as P. 

uttimwn. 19 had the RFLP type l a  pattern, 6 had RFLP type lb, one had 

WW type 2. Out of l i isolates identified as qlthiwn 'G. group, 7 and 4 

isolates were of RELF type la and RrDLP type ib pattern, mspectfveljr. The 

numbers of isolates occurring within each RFLP group are shown in 

Table 2. 



Figure 4. RFLP patterns of A) Hind 111- and B) EcoR I-digested DNA of 
Pythiurn isolates obtained from roots of glyphosate-treated 
bean seedlings grown in five different soils. 



Table 2. Tke 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 Pythiwn isolates were 
obtained from the roots. 

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

RFLP (m) a 

S O U P  0 2 4 6  

P. sylvaticum 3 2 

P. ultimum 2 1 

P. sylvaticum 1 3 

P. 'NS' 2 2 

a Values followed by the same letter/s are not sigruficantly different from 
each other (PSU.05) according to Bonferroni's test. 

f: + = isolate obtained; - = isolate nut obtained 
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Fythium growth rates and colony characteristics 

The diameters of colonies radiating from 1 -em-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. ultimurn RFLP type l b  and P. sylvaticurn RFLP type 2; the slowest- 

growhg 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 P y t h i m  colonists in ihe 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 rnm 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 c 29 rnm 

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 al l  of the Pythium isolates assigned to each RFLP group 

to determine if all the isolates assigned within each RFLP group were 

&deed 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 



Table 3. Results of Variance Components Procedure of colony diameters 
&er 24 h in axenic culture for 65 Pythiwn isolates ouped within 
species, RFLP group within species, and isolates wi 8 in RFLP 
group. The error term represents the variation of replicate plates 
within isolates. 

Sources SS M S  Variance V:T a 
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 2 1545 3042.3 76.7 
-- - 

a ratio of variance components and total variance. 



most of the isolate within RFLP variation came from P. ultirnm The 

RFLP classification in this case did not explain the variation in growth. 

However, for P. inegulare, 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 LD50 values 

on beans is shown in Figure 5. There were sigruficant 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. 

cobraturn 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 LD50 dose associated with any of 

these three isolates were significantly less than the LDS0 dose of the 

control plants. Plants inoculated with P. sylvaticum RFLP types 2,3,4,5 

and 6, P- Wegulare RFLP types 1 and 2, Pythium 'HS' RFLP types 1 and 

2, P. dtimw RFLP types lb and 2 all required less than 20 pg 

glyphosate per plant to kill 500fo of the plant population. The plants 

inoculated with P. ultimum type l a  required the least amount of 

glyphusate to achieve Wh rnorfality (Figure 5). 



P. ultirnurn l a  
P. ultirnurn 1 b 

P. ultirnurn 2 

a 
P. irregulare 2 
P. 'HS'gmup1 

a 
P. 'HS1group2 

6, P. coloraturn 1 

P. coloratum 2 
E P. sylvattcum 1 
2 P. syluaffcum 2 
5 a P. syluaticurn 3 
a, 

P. sylvaticurn 4 
P. sylvatlcurn 5 
P. syivatfcum 6 

Control 

LD,, (pg glyphosate per plant) 

Figure 5. Effect of isolates of various species of Pythium obtained from 
the roots of gyphosate-treated beans on mhosate LDS0 on 
bean seedhgs. 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 Fythiurn 

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 Pythim 

'HS' group were moderately virulent, causing 35-52% pre-emergence 

damping-off. Other P. sylvaticum RFLP types and all isolates of P. 

coloraturn 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 

piants than on germinating seeds. In both evaluations (seedlings in pots 

and control treatments from GSI tests), P. ultimum RFLP type l a  caused 

the highest post-emergence damping-off (28%). Isolates of P. irregdme 

and other isolates of P. sybaticum, P. ultimwn and Pyfhium 'HS' group 

caused post-emergence i mping-off ranging from zero to 15%. Some 

isolates of P. sylvaticum. Pythium 'HS group, and all isolates of P. 

coloraturn failed to cause post-emergence damping-off on beans. The 

=ost noticeable symptoms i? the post-emergence tests were brown stem 

necrosis occurring at the soil line and progressing up the plant stem, and 

wilting of the leaves. 



Table 4. Mortaljties observed in pa-enici tests for different qdthium 
isolates on bean seedlings (cv 

Pythium 
RFLP types 

% Dampingoff Mortality a 

pre-emergence post -emergence 

P. ultimum type la 100 a B 28ap 29a6 

P. dtimum type l b  100 a 10 ab 13 cb 

P. dtimum type 2 98 a 6 ab 9 cbd 

P. irregulare type 1 88 a 7 ab 7 cbd 

P. irregulare type 2 95 a l l a b  15b 

P. 'HS' type 1 35 bcde 0 b 0 d 

P. 'HS type 2 37 bcd 1 b 6 cd 

P. syluaticum type 3 45 bc g a b  13cb 

P. syluaticum type 2 52 b 4 ab 8 bcd 

P. sylvaticum type 6 14 ef 6 a b  12bc 

P. sylvaticum type I 15 def O b 0 d 

P. sylvaticum type 5 10 f 3 b 6 d 

P. coloraturn type 1 27 cdef 0 b 0 d 

P. coloraturn type 2 9 f 0 b 0 d 

a Values in cofumns, followed by the same letter/s are not sigdcantly 
different from each other fP10.05) accordfng to Bonferroni's test. 

Columns represent the means of three trials with 20 seeds or plants 
used for each isolate tested er trial; mortality recorded 1 week P [gre-emergence) or 2 weeks gust-emergence) after inoculation. 

"ah obtained fiom the rows of glyphosate-untreated 2-week-old plants 
grown in qithium-infwted soil used as control treatment in 
t h e e  GSI experiments; mortality recorded 4 weeks after 
inoculation. 



DISCUSSION 

Morphologicd characteristics of Rjthium isolates were inadequate 

for separating the different P y t h h  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 

111 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 detenninLng the species &ties of isolates that did not 

produce sexual structures, particularly in Pythium 'G' group. This isolate 

was found to have an RFtP pattern identical with that of P. ultimum 

PWLP type 1. A S ~ ~ I I ~  result was obtahed by Humg et d, (1992) and 

Evesque et d. (1993b). Huang et d. (1992) suggested that isolates of 

PyiWum 'G' group are probably P. ultimum that have lost the ability to 

fonn sexual structures. 

Four species, namely P. sytuaticum, P. laltimum, P. irregulare and 

Pythiwn 'HS' group were found to be glyphosate synergists on beans. One 

isolate of P. sy lvaticum 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. 

m w n  and P. sylmtfmm isolates. P. ultimum RFLP type la was a 

stronger gIyphosate synergist than was P, diirmm RFLP type Ib  or P. 



uttimum RFLP type 2. This result could well have been overlooked if 

molecuhr techniques for differentiating the genotypes of rno~phoiogic&ly 

simdar isolates had not been used to select the representative Pytfiium 

isolates for the GSI tests. 

It appears that the fast-growing isolates of Pythium colonized the 

roots of glyphosate-treated plants sooner 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 gfyphosate synergist. 

Nthough 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 

g l ~ h o s a t e  synergistic qjthium species. The diversity of Pt~thium species 

in the agricultural soils was higher than in the virgin soil. P. uttimm was 

widely distributed in all of the agricultural sods. This was not surprising, 

since P. tdtimum is known to have a broad host range and worlclwide 

distribution itIendrix and Campbell, 1973). The presence of many and 

ciiverse Pythium species in agricultural soils suggests that the occurrence 

of GSf may be rekited to factors that favor Pytirium 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 Pythium in the virgin 

soil may account for the hlgh LDW for glyphosate on plants in raw VS 

compared to that in raw ARS. CRS. LS and M S  (Evesque and Rahe, 

1992). This hding supports the previous observation regarding the role 

of soilbome fungi in GSI and the role of P y t .  specks as glyphosate 

synergists. 



All Pythiwn 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 

synergistk interaction. I t  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 

fkvesque et at, 1987). if P_ythium species are also increased by this 

mechanism, the potential for root diseases might also increase. In fact, 

increases in seedling diseases foUowing applications of glyphosate have 

already been reported on barley f t p c h  and Penn, 1982; Blowes, 1987; 

Smiley et d, 19921, which suggests the possibility of a build-up of 

s ibo rne  pathogens after herbicide treatment on weeds. Although the 

reported significant increase in the soil population of Flrsarium spp. in 

m a s  where various weeds were treated with glyphosate did not cause 

significant detrimental effects on crops sown later in the same area 

@kvesque et al-, 1983, this might not be true for Pythium species which 

are aggressive pathogens of germhating seeds. I t  is therefore important 

to determine if P y M  populations in soil are affected by glyphosate- 

treated plants. and to asses whether such an increase would result in 

greater Inrridence of barnping-oE on succeeciing crops. 

By -gsh-xg @y@-&Arpt& Lea-s pia-IAG pterxud 

glyphosate synergistic Fk$hbn fiom five diverse soils, it was found that 

of ei@f Isolates of T. ' u ~ q h e .  =en were obtained &om M, that 

P- irregutare was the predominant species recovered from ARS. Braun 



f 1991) reported that P. imegulare is one of the causal pathogens of the 

apple replant disease in Nova Scotia. I t  is possible &hat P. irregulare may 

also be one of the pthogens 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 possibility 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 

(Smifey et a.2. , l992), Fuscuittm culmom in barley (Lynch and Penn, 

19821, and Gaeumannomyces graminis in wheat (Mielke, 1983). 

"IXe research described here c o r h s  the phenomenon of 

synergistic inters-ction of soilborne Pythiurn with glyphosate. It also 

shows that GSI involving Merent species of Pythium can be quantified 

by comparing the glyphosate LD50 values obtained from Pythium- 

inoculated and uninoculated plants. It  is concluded that several different 

Pythiwn species can be glyphosate synergists on beans. However, it is 

also evident that some isolates within the same species or group are 

more efficient m h o s a t e  synergists than others. The GSP were widely 

distributed in the diverse soils tested. 

Since the Merent GSP identifled were also pathogenic to 

glyphosate-untreated plants, and because it is probable that their 

popula~ons will be &xted when vegetation growing in an area is treated 



with glyphosate, it is important to assess the long-term effects of 

giyphosate-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. 



Chapter fIT 

ASSESSMENT OF HOST SPECIFICITY AMONG DIFFERENT SPECIES 
OF GLYPHOWTE SYNERGISTIC PYTHlUM 

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 

glyphosate synergistic interaction (GSI) by Johal and Rahe (1984). 

Soilborne Pythizun spp. were found to be the first and predominant root 

colonizers of glyphosate treated plants grown in different soils (Uvesque 

et d, 1993a). Several species of Pythium are involved in GSI on bean 

(Descalzo et QZ., l996a) and on apple seedlings (Mvesque et aL, 1992). A 

possible indication of host-specificity of some glyphosate synergistic 

Pythium (GSP) was suggested from the result of an experiment by 

Evesque et a€, (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 Pythiwn 

species from the roots of glyphosate-treated bean seedlings were capable 



of GSI on various unrelated dicot species; c) isolates of Pythium species 

from various glyphosate-untreated hosts were capable of GSI on bean 

seedlings; dl the relative virulence of isolates of various Pythiurrt 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 Pythiwn 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 fi-om glyphosate-treated wheat were from the 

experiment by kvesque et d, (1 993b). These isolates are referred to 

hereafter as Pythium isolates from bean (PIB) and Pythium isolates from 

wheat (PW), respectively. The Pythirrm genotypes were deheed on the 

basis of restriction fragment length polymorphisms (RFLP) of the total 

DNA (Descalzo et at. 1996a; Evesque et at.. 1993b). Letters B and W 

were added at the end of the isolates' names to indicate the original host 

(bean and wheat seedlings) #om which the Pythium isolates were 

obtained. The number of genotypes represented per Pythium species 

tested a;- shown in Table 5. 

isolates of other Pythirtm species were obtained from the culture 

mlkctions of Dr. D o d d  J.S. Barr (Biosytezmties Research Institute, 

Ottawa. Canada) and Dr. Gloria Abad [North Carolina State University, 



Table 5. Pythium species and the numbers of geno es represented 
among isolates obtained from the roots of gPyp osate-treated bean 
(PfB) and wheat (PIW) seedlings. 

% 

Pythium species Number of genotypes obtained from 

beans a wheat P __---___-_-------------------------------------------------- _--__--_---------------------------------------------------- 

P. 'HS' group 2 0 

Total 

a 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. 



Raleigh, N.C.). Except for P. acanthtcum, 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  Pythiurn isolates from 

various hosts (PWH). 

Determination of glyphosate LDS0 values for plants grown in soils 
infested with variotfg Pythiurn 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 PWJ on bean seedlings to bete-e whether the 

Pythium isolates were speclflc glyphosate synergists for the host plant 

species from which they were initially isolated. GSI tests were also done 

using PIB on two &cot hose: sunflower (Family: Heliantheae, Helianthus 

annus L. cv. Sunwheat f 01) and pepper (Family: Solanaceae, Capcicum 

frutescens L. cv. California Wonder). GSI tests of PIVH on bean seedlings 

were done to determine whether Pytfrium isolates obtained from various 

sources wfthout the influence of glyphosate were capable of glyphosate 

synergistic interaction. To confirm whether the GSI test result obtained 

&am wheat was a representative response of monocot plants, GSI test 

was done using PIB on corn seedlings (Zea mays L. cv. Early Golden 

&antam). 



Table 6. Different Pythium species obtained from various hosts and soil 
that were not treated with glyphosate (PIVH). a 

P. aphanidermatum Enghsh cucumber B.C., Canada 

P. sulcatwn Carrot B.C., Canada 

Pa h~pog~num Lamb's-quarters Quebec, Canada 

P. coloraturn Alfalfa Ontario,Canada 

P. sptendens Blueberry Nova Scotia, Canada 

P. acanthicum Soil 

P. curhenomanes Oat 

P. spinosum Turfgrass 

P. paroecandnun Turfgrass 

P. vanterpooti Turf@= 

Ontario, Canada 

Manitoba, Canada 

North Carolina, USA 

North Carolina, USA 

North Carolina, USA 

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



Except for +&e method of application and range of glyphosate doses 

used for msnocof hosts, the methods used for aii GSI tests were as 

described in Chapter 2. For monocot hosts, the glyphosate treatments 

were made as two, 1 yL droplets of aqueous dilutions of Roundups (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 yg glyphosate a.i. per plant) 

were used for wheat and corn seedlings. To obtain 100% mortality at the 

highest glyphosate dose, Pgfhium 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. 

athiurn growth rates in-vitro and pathogenicity tests 

The ability of various Pythiwn isolates (PIB, PIW and PIVH) to 

cause pre-emergence damping off of germinating seeds and the isolate 

growth rates in-uitro 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 LDSO 

A simple linear correlation was performed separately for each of 

the mthium groups' (PIB. PfW and PIVH) growth rate in-vitro vs their 

respective virulence and glyphosate values obtained on various 

hosts tested. An amsine and logarithmic transformation was done on the 

Mence  and glyphosate LDW data, respectively, while untransformed 



Pgthizun 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 fZar, 1984). The significant correlation 

results between growth rates in-vitro vs virulence were confinned by 

doing an analysis of variance on the virulence data of Pythiurn isolates 

that were classified based on their colony diameter on PDA after 24h. The 

Fythium isolate groupings were: fast-(51-60 mm/24h), moderately fast- 

(26-50 mrn/24h) and slow-(< 25 mm/24h) grower. A similar procedure 

was done to confirm the si@icant correlation obtained on Pythium 

growth rate vs the glyphosate LDw values on bean. 

The sigdicant codat ions  obtained between virulence vs 

glyphosate LDS0 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. Tfie following were the virulence 

groupings of the PIB on bean (highly virulent= 88- loo%, moderately 

virulent= 3547% and least virulent= 0-34% seedhg mortality); PIB on 

pepper (highly virulent= lW?, moderately virulent= 7249% and least 

virulent= 0-30096 seedling mortality); and PIW on bean (highly virulent= 

85-lW!, moderately virulent= 24434% and least virulent= 0-23s 

seedling mortality), 



There were significant interactions between the replicated 

experiments and various Pythiw isolates in all GSI tests. I t  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 LDS0 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 B 1 ; P. s y l v a t i m  RFLP 

types B 1 and 2; and P. col0rat.m RFLP type B2 had sigruficantly (P=0.05) 

lower LDso values than the control. In one out of three experiments, 

piants inoculated with P. ultimum RFtP types B 1 a and B 1 b; P. irregulare 

RFLP type B2; Pythium 'HS' group RFLP types B 1 and B2; P.sylvaticum 

RFLP types B3, B4, B5 and B6; and P. cobraturn RFLP type B1 had 

significantly lower LDm values than the control. However, it was also 

observed that plants inoculated with P. ullimwn RFLP type B2; P. 

iregulare RFLP type B2; P. oobratum RFLP B 1 ; Pythium 'NS' group RFLP 

type BI; and P. s y h m  RFZP types B3 and B6; as well as  those 

inocuIated with P. ulfimtlm REtP type Blb; P. cobraturn RFLP type B2 

and P. syi- RFLP type B4 required similar amounts of glyphosate 

to kill 5Wh of the plant population as was needed for the control in one 

out of three and two out of t h e e  tests, respectively. It  was also noted 

that in some instances plants inoculated with P. ultimum RFLP type B la 

an& Blb; P. rtlt.imum RFLP type B2; P. irregulare RFLP type Bl; 



P. ultimum Bl  a 
P. ultfmum Bl b 

P. ultimum 8 2  E P. irregulare B I 

a P. irregulare B2 
P. 'HS1groupBI 

-2 P. 'HS' group B2 
;;3 P. coloratum B1 

P. coloratum B2 
9 P. sylvaticum BI 

P. sylvaticum B2 
P. sylvaticum 83 

U 

S P. sylvaticum B4 
3 P. sylvaticum 85 

P. sylvaticum B6 
Control 

P. ultimum B l a  
P. ultimum Bl  b 

P. ultimum 22 
P. irregulare Bl 
P. irregulare B2 
P. 'HS' group B1 
P. 'HS' group B2 
P. coloratum Bl  

& P. coloratum B2 
2 P. sy~vatfcum B 1 

E 
P. sylvaticum B2 
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P. sylwticum 84 
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Figure 6. Effect of isolates of various species of Pythfurn obtained from 
the roots of glyphosate-treated beans on glyphosate LD5, on 
A) and B) corn seedlings. Means and standard errors 
from tkee or two experiments are shown on each line. 



P, sylvatlcurn RFLP types B 1, B2, B4 and B5 had higher LD50 values 

than the control. 

The GSI tests of PIB on corn seedlings also gave an inconsistent 

GSf response in two experiments conducted (Figure 6B). In one out of 

two experiments, plants inoculated with P. ultirnum RFLP type B la; P. 

ultimum RFLP type Blb; P. coloraturn RFLP type B2; and P. sylvaticum 

RFLP types B1 and B3 had significantly (P=0.05) lower LDS0 values than 

the control. Piants inoculated with P. irregulare RFLP types B1 and B2; 

Pythium 'HS' RFLP types B 1 and B2; P. coloratwn RFLP type B 1 ; and 

P.sylvathm RFLP types B4, 35 and 36 had similar glyphosate LD50 

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. ultimm RFLP type B2 had higher LDS0 values than 

the control. 

GSI effects of ISW on wheat and bean seedlings 

The effect of different P W  on glyphosate LDS0 values on wheat 

seedlings is shown in Figure 7A. Plants imculated with P, ultimm RFLP 

types W 1, W2, W3, and W4; P. c o b r ~  RFW types W1 and 'N2; P. 

SY lvaticum RE'LP type W5 significantly (P=0.05f enhanced the herbicidal 

activity of gtyphosate on %week old wheat seedlings in two replicate 

tests. In one out of two tests, plants inoculated with P. irregUtc,pe RFLP 

type Wf ; P. sy- 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.syIvatinun RFLP 
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Figure 7. Effect of isolates of various species of Pythium obtained from 
the roots of glyphosate-treated wheat on glyphosate LDW on 
Ai wheat and B3 hean --in-gs- Means  and standard errors 
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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. syhaticum RFLP types W1, W4, and 

W6: and P. Wegulare RFLP type WI had higher LDSo than the control 

treatment. 

The effect of PfW on glyphosate LDS0 values on beans is shown in 

Figure 7B. All P W  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 rawe the -same faref of morf.afity in the absence of Py'titm 

(control) * 

G S E  effects of mB an other dicot plant species 

All PIB enhanced the herbicidal activity of glyphosate on 2-week- 

016 sunflower seedhgs by causing 505% mortality at doses 9 to 32-fold 

less than those required by the control [Figure 8A). Afl PIE3 except 

Pythium 'HS group RFLP type B1 and P. coloraturn RFLP type B2 

enhanced the herbicidal activity on pepper seedlings by causing 50% 

mortality at doses 1 1 to 54-fold less than those needed by the control 

fEigure 8R). Pythlum ' H S  group KFLP type 3 1 and P. oobratrun RFLP type 

B2 c a r r d  smaller but significant reductions of glyphosate on 

peFper Seedlfngs. 

The effect of different Pythium species obtained from soil and from 

Ls*fyphosate-untreated plants on glyphosate IDm values on beans are 

shown in Figure 9- AIf. Pythium species tested signiticantlly enhaneed 
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Figure 9. Effect of Merent species of Pythium obtained from various 
glyphosate-untreated hosts and soil on glyphosate LD 50 on 
bean seedhgs. Means and standard errors fkom two 
experiments are shown on each line. 



(P=0.05) the herbic'lal effect of glyphosate on 2-week-old bean seedlings. 

a d  5Wh mortality was stserved at doses 7 to 80-hid less than those 

required to cause 5C)Oh m ~ r t  jity in the absence of Pgthium. Pythiwn 

coloraturn, P. hypogynum, P. ophanidennaturn, and P. spinosum were 

sigruficantly more effective as synergists than were other Pythium species 

in this group. 

Virulence of mS on germhating seeds 03 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 eventuaLy 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 we& anci had obvious stem necrosis immediately above the 

soil surface. Infected seedlings usually collapsed 3 to 4 days after 

emergence and showed sqmptums of stem girdling. 

The virulence of the PIB on germhating bean seedlings is shown 

and described in Table 4, Chapter 2. The same isolates were also virulent 

to varying degrees on 4.- m a t i n g  wheat seeds (Table 7). P. ultimum RFLP 

type Bla was the most virulent isolate, causing 95% pre-emergence 

damping-off. It  was foilowed by P. ultimum WLP types B lb and B2; P. 

irrquZare RFLP types B1 and B2; Pythium 'HS group RFLP type B2; and 

P. sg tuatinun RFLP type 333, which caused pre-emergence damping-off 

rangjng &om 7 6 O h  to 93%. P. sytvaticum RFLP types B1 and B2 were 

moderately virulent. musing 50 to 63% dampirrg-off, respectively. 



Table 7. Mortalities observed in pathogenicity tests on wheat, corn, 
pepper smRtoWer seedhis  ushg diEerel?i rPythiuPn isolates 
originally coileeted from the roots of glyphosate-treated bean 
seedlings (PIB]. 

Pythium species % Re-emergence damping-off mortality a 
and 

RFLP type wheat corn Pepper sunflower 

P. ultimum type B 1 a 

P. ulkimmtype Blb 

P. ultimum type B2 

P. inegdare type S f  

P. irregulare type I32 

P. 'HS' group type B 1 

P. 'HS' group type B2 

P. sy twzticumtypeB1 

P. ssyIr,&la ?ype E32 

P. sylvaticum type B3 

P. sylvaticwn type EM 

P. syto atiam type B5 

P. sy -we= 

P. cotoratwn type B f 

P.  color^ type 82 

95 a 

9 1  ab 

93 ab 

88 ab 

82 ab 

26 de 

84 ab 

50 cd 

63 bfi 

76 abc 

15 e 

21 de 

12 e 

10  e 

9 e 

96 a 

92 ab 

92 ab 

98 a 

40 abc 

47 abc 

47 abc 

53 abc 

E f )  a h  

55 abc 

1 0  c 

23 bc 

37 abc 

57 abc 

9 e 

35 ab 

23 abc 

48 a 

25 ;ibc 

$7 a 

3 c 

2 c 

22 abc 

1 0  be 

27 abc 

5 c 

0 c 

5 c 

27 abc 

1 0  bc 

a Mean mortalities from three repeated trials, with three replicate plates 
used for each isolate per t&l. 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 W.05) according to Bonferroni's test. 



The least virulent isolates, P. coloratum RFLP types B 1 and B2; Pythium 

'WS' group RFLP type Bl; and P. sylvaticum RFLP types B4, 85, and B6 

caused pre-emergence damping-off ranging from 9 to 26V0. 

All PIB were also virulent to varying degrees on germinating corn 

seeds (Table 7). P. in-egtdm-e RFLf type B 1 and P. dtimum RFLP type B la 

were the most virulent isolates, causing 97 and 98% pre-emergence 

damping-off, respectively. P. sybaticum RFLP types B4 and B5 were the 

least virulent isolates, causing pre-emergence damping-off ranging from 

7 to 1096. The remaining isolates caused pre-emergence damping-off 

ranging from 23 to 92% which was Intermediate between the bA@est 

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 3. All isolates of P, ultimum, P. imegulare, and P. 

cobraturn as well as P y M  ' H S  group WLP type 32 and P. sytvetffcum. 

RFLP type B1 caused lW? pre-emergence damping-off. P. sylvaticwn 

types B2, B3, and B5 caused mortalities ranging from 72 to 90%. 

Pythiwn 'HS' group RFLP type B 1, and P. sytvaticum RFLP types B4 and 

B6 were the least virulent, causing 15 to 30% mortality on pepper 

seedhgs. 

PIB were generally 1- virulent to germinating sunflower seeds 

than to bean fTabk 22, wheat, corn and pepper (Table 7). The most 
- I virulent &dates were P, wrBs type B2 and P. irregu;[are fCFLr) 

type Ei2, causing Wh and 47=/'0 rnorhiitia, respective@. P. uii-imum lirFP 

types Bfa and Blb; P. in-egulareRFLP type B1; P- sy lvaticunRFtPtype 

B 1, B2, and B3; and P- c o b r ~  types B f and 82 caused mortalities 

ranging from f O to 35%. Murtafities caused by the least virulent isolates, 



PyWum 'NSJ RFLP types B 1 and B2, and P. s ylvaticum RFLP types 84, 

B5, and B6, ranged from 0 to 5%. 

VMence of PiW on germinating wheat and bean seeds 

All isolates of P W  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. cobratun RFLP 

type W 1 and P. i~~eguhre FWLP type W 1 were the least virulent, causing 

200? mortality. AU the other PIW were intermediate in virulence, causing 

mo,rt&ty r-g from 25 to 6304- When the -we PgWwn isolates were 

tested on beans, dl except P. cobrahim type W2 were virulent to varying 

degrees. P. tdlfnum RFLP types W1, W2, W3 and W4 were the most 

virulent, causing 85% pre-emergence damping-off while P. cobraturn 

RFLP type W1. P. irrquiare RFLP type W1, and P. sy lvaticum types W2 

and W6 were the least virulent, causing 8 to 23% mortdity. P. sybaticum 

types W 1, W3, W4. W5 and W7 were intermediate in virulence, causing 

25 to 45Oh mortality on germinating bean seeds. 

The varying vLruf,ence of P W  on germinating bean seeds are 

shown in Table 9- P. qphanide- caused the h e s t  pre-emergence 

damping-off [94%), followed by P. spinosum (66%) and P. sptendens 

f27'5%f, P. parrsecandnun (190hf arrd P, mherzQmanes (5%J. Pa coloraturn, 

P- L # U L f e i  P. hypgynum, P. sulcatum and P. a.am%mm 
- I isolates did 

not muse mortality on gemhating bean seeds. 



Table 8. Mortalities observed in pathogenicity tests on errninating wheat 
and bean seeds using Pythium isolates obtained om roots of 
glyphosak-treated wneat seed-&@ ~~~~3. 

t 

Pythium species 
arid 

RFLP type 

% Pre-emergence damping-off mortality a 

wheat beans 

P. ultimumtype W1 

P. ultinuun type W2 

P. uitimm type W3 

P. ultimum type W4 

P. sylvaticum type w4 

95 a 

95 a 

95 a 

62 b 

20 d 

48 bc 

63 b 

m b  

52 bc 

25 cd 

30 bcd 

45 bcd 

38 bcd 

20 d 





Pythiurn isolates growth in-vitro 

Pythium isolates within PBI, PIW and P W  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. sylvaticwn RFLP type B4. In PIW group, the 

fastest-growing isolate was P. dtimurn type W1 and the slowest-growing 

isolate was P. s y l m  RFLP type W3. In PIVH, P. spinosum and P. 

sulcatuna were the fastzst and the slowest-growing isolates, respectively. 

Other isolates within PBI, PlW and PNH groups had colony diameters 

which were intermediate compared to the growth of the fastest- and 

slowest-growing isolates within their ~cspective groups. 

Correlation of growth, virulence and glyphosate LDSO values 

There was a positive relationship between Pytfiiun growth rates 

and virulence among all Pythium isolate groups on bean, wheat, corn, 

sunflower and pepper [Figure 10). However, siaIllficant correlations of 

these factors were only obtained with PIB on beans [r=0.69), wheat 

fr=0.75) and corn (r=0.68). These si@~cant 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, 

moderateIy-fast and dow-growing categories. 

Conelation anafysis of Pythium growth rate and glyphosate LDsO 

vaEues on various hosts tested generally showed a negative relationship 

(Figure 1 I). However, only the correlation result obtained from PNH on 

beans was signiscant (r=-0.75). This signrficant correlation was not 

confirmed in the analysis of variance of the difXemnces in the gtflphosate 

LDW values of isolates that were classified under fast-, moderately fast- 
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Figure 10. CorrebtSon of growth rates (mm/24h) in-vit7o of Pythium isolates 
from bean (PIB), Pythium isolates from wheat 1PIW) and Pythlum 
isolates from various hostsf PIVH) vs their percentage pre-emergence 
damping-off on different host species. Correlation coeffecients 
Irf with * are sj@i€icagt at P=0,05, 



Figure 11. Correlation of the glyphosate LDS, values of Pythiurn isolates 
from bean (PIB), Pythiurn isolates from wheat (PIW) and Pythiurn 
isolates from various hosts (PIVH) on different dicot plant 
species tested vs &e respecme growth rates of these isolates 
on PDA. Correlation coefficient-(r) with * is signif~cant 
at P=O.C)5. 



and slow-growing categories. 

Correlation tests of virulence of Pythium isolates vs their 

glyphosate LD5* values on various hosts tested revealed a negative 

relationship (Figure 121, with significant results observed on PIB on bean 

[r=-0.69), PW on bean jr=-0.68). and PIB on pepper [r=-0.76). Only the 

significant correlations observed in I%1 on bean and PBI on pepper were 

confirmed by the si@cant results of the analysis of variance on the 

dmerences of the glyphosate LD5* values obtained by Pythium isolates 

that were gouped as highly-virulent, moderately virulent and least 

virulent,, The glyphusate LDm values obtained by the least virulent 

isolates were significantly Mei xit (P=0.05f from those obtained by 

moderately and highly virulent isolates according to Tukey's test. The 

glyphosate LDSo vaiues obtained by moderately virulent isolates and very 

virulent isolates were not significantly different from each other. 

DISCUSSION 

The variation in signiricant differences observed between repeated 

experiments illustrates the complexity of interactions between 

components of the d ecosystem during GSI. Shce it is impossible to 

control all variables in the soil ecosystem, concfustons regarding 

Pythium-plant species specificities dusing GSI must be based on the 

G V ~ T ~ H  +&end of wed +imid i3Si tests. 

F r e z  !r; gezed. t2;e ~*~&-e GI as c-vide;ied bj tfre mgnikzde 

of differences in glyphsate LDW values obtained in the absence and 

prb-serree of different R$t.&m isdates was greater on &at  than on 

monocot test plants. 



Figure 12. Correlation of the glyphosate LD,, values of Pythium isolates 
from bean [PIBf. Pythiurn isolates from wheat fPW) and Pythium 
isolates from various hosts (PIVH) on different dicot plant 
species tested vs their respective gre-emergence damping-off on 
the same host plants. CorreIatisn coefficient (r) with * is 
sig-nLfi,cant at P=O.M. 



This may be due to the substantid dSerences in gfyphosate 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 

speciftcity for the various herbaceous dicot hosts was clearly evident for 

Pythiwn isolates studied. AU PIW were glyphosate synergists on bean 

seedlings, and aH PIB were also glyphosate synergists on sunflower and 

pepper seedlings. Results from these tests showed no evidence for host 

specificity during GSI involving Pytfrium species on herbaceous dicot 

seedlings. 

A differential GSI response was observed on apple seedlings for two 

isolates of Pythirun (Evesque et d., 1992). Ir& this experiment, the isolate 

obtained from beans was P. ultimum, but the isolate obtained from apple 

was not identified. I t  is possible that the contrasting GSI effect observed 

cm apple seedlings was due to different Pythium species used. I t  is also 

likely that the differences between a woody and a herbaceous dicot 

species might resuit 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 Pythiwn species that were isolated from the roots of 

glyphosate-treated bean and wheat seedlings were generally similar 



except for the presence of R~thium %IS' group among PIE3 but not among 

f TW. Tfius, the GSI tests that utilized Pythim species not represented in 

the PI3 and P W  groups were needed to confirm whether other Pythium 

species were also capable of GSI. TO date, 13 different Pgthirun species 

have been tested for GST [five isolated from glyphosate-treated plants, 

eight from glyphosate-untreated hosts and soil). The finding that at least 

some isolates of dl 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 &Berest specks of R~thihm varied in +heir virulence to 

germinating seeds of herbaceous 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 (Herddm 

and Campbell, 1973). Pythium causes different diseases depending on 

the growth stage of the host. Mature plants are affected by Pythiwn 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 

h e ,  which results in girdling of the seedling stem and a watery decay of 

germinating seeds (Sin& and Singh, 1984). The most prominent 

indication of severe Pythiwn 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 interaclions with other types of sou-borne 

microorganisms, as in apple replant disease (Braun, 199 1). crown rot of 

apples trees (Jeffers et d. 1982) and root rot of young apple trees 

(Utkhede and Smith, 1991). 



The virulence of the various isolates of Pythium species from PTW 

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. ultimwn in the PIB group 

appeared to be more virulent on germinating bean seeds than on wheat. 

In contrast, the most virulent isolate of P. ultimurn in the PIW group was 

less virulent on beans than on whsat. PIB were generally less virulent on 

sunflower than on beans or on pepper seeds. The presence of antifkgal 

metabolites, (sesquiterpene lactones) in sunflower could have contributed 

to its resistance against Pythiwn (Spring et d, 1982). 

I t  was observed in Chapter 2 that fast-growing isolates of Pythium 

appeared to colonize the roots of glyphcjsate-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 correlat3on analyses of these factors in the three Pyffrium 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-viuo. 

Although significant corre1ations of virulence and m h o s a t e  LDS0 

values of PBI on bean and pepper and PlW on bean seedlings were 

observed, inconsistent significant correlation results among the three 

Pythium isolate groups aad hosts tested indicated that Fythhm virulence 

m*dd nat predict isdate's potentid as a gJ-yphosate synergist. Tkis 

was clearly seen fiom the results of GSI tests conducted using P M .  P. 

d o r m  f. @ m n r r m  were non-pathogenic on geHninating bean 

seedlings, but their efficacy as glyphosate synergists was similar to those 



of P. aphanldennatum, the most virulent isolate. The ability of the non- 

pathogenic PythSum species to act as glyphosate symergjst on bean 

seedhgs 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 

highfights pcssibk risks +&at might be associated with recuwent 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. T'here is both direct and indirect evidence that 

the population dynamics of soil microbes in the soil can be affected for 

short periods by glypbosate treatment Uvesque and Rahe, 1987; 

Evesque and Rahe, f 992: Smitey et d, 1 992). However, the meager 

published reports in relation to tbe 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 averall yield may go unnoticed. Research to assess the impact 

of glyphosate on long-tern root rot disease potential of field soils and of 

sublethal doses on the activity of deleterious root microflora in perennial 

crops is dearly needed. 



Chapter N 

GtFHOSiiTE %"KiifATmTuT OF BEAN SEEDLINGS CAUSES 
SHORT-TERM MCEPEASES IfY PYTHlUM POPULATIONS 

AND DAMPlNEOFIEP POTENTIAL IN SOILS 

INTRODUCTION 

Research conducted under laboratory conditions has identified 

soilh~me fungi h the genera Pyth;ium and nLsarium as the primary root 

coIonists of gtyphosate-treated bean and wheat seedlings (Evesque et d, 

1993a). Resr;: ,s from pathogenicity tests with several Pythium isolates 

indicated that, ordinarily, root infection by 10ythium 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 fDescalzo et d, 1996b). 

Poor establishment and growth of a succeeding crop has 

sometimes occurred in the field where gIyphosate has been used to kill 

weeds before direct seeding of crops. Lynch and Perm (1982) attributed 

such effects or damage to toxins released from the decaying weed 

residues, as well as to increased inoculurn potential of pathogens &at 

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 

rou*&e!y used piior to CSLsrmt seeding of cereals. S d e y  et d ii982) 

obse,w& that g$yphosa.te. when applied t~ 'MI 'u~~hiitee~ cereds 

weeds shortly before pIanting of spring barley, favored Rhizoctonia root 

rot of the newiy pfifff.t;& mop. They hypfhesized &at the Rhizoetonia 

inoculum potential peaked within a few days after glyphosate treatment 



and then declined. Roget et d (1987) reported a similar pattern of 

disease in Australia asssociated with the application of paraquat + diquat 

+ cyanazine. Blowes (19871 examined the causes of poor barley seedling 

emergence in Australia where root residues from giyphosate-treated 

ryegrass were present in the soil. While he concluded that plant root 

residues may have supported an increase of Pythium inoeulum in moist 

soils, no measurements of Pytizium 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 

*at Pythium populations in the soil had been enhanced by the use of 

glyphosate. Uvesque et d (1987) reported an increased number of 

colony forming units (CFU) of ntsarium 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 dected. 

Recently, Descalzo et aL (I W6a) described the relative synergistic 

potential of various Pythium species on beans. Isolates of P, ultimurn 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 infomation is needed to assess the potential side effects of the use 

of glyphosake for weed control on crop lands, since several Pythium 

species rue pathogens of gemihai&.g seeds, seedlings and mature plants 

wan Der I)!ak-Nite~&z, 1% 1). 

This chapter describes the results of experiments to determine the 

effec3ts of herbicide-txeated pIats on the population dynamics of mfhiwn 

in soil. The effect of raot residues from glyphosate-treated bean plants on 



the dynamics of the over& 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 quantifving 

the populations of GSP and non-GSP isolates in autodaved sandy loam 

soif. Damping-off pathogenicity tests were also done to determine 

whether changes in the populations of introduced Pythfum would affect 

their pathogenic potential on germinating crop seeds. 

WATERlAtS AND METHODS 

Meet of bean root residues on tihe general Pytfrium population in 
%oil 

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 arid 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- 

Iril!ed hem rwb. Four repbmte pots were used per treatment. The 

experiment was conducted once- 

Bean seeds (Phaseolus mdgaris L, cv. Topcrop) were surface 

&infected wiah 1% NaOCf solution for 5 mln and washed Wee tirnes 

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



treatments 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 (daymight) 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 distilfed water per pot. In 

lieu of distilled water, each pot received 100 rnL of solution containing 

0.004 g of 20-20-20 fertilizer per t of distilled water 1 week after seeding. 

Two weeks a4er seediig, !eaves of p l a t s  growing in pots of 

treatment C were sprayed with gly-phosate (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-&" by 

plunging them in boiling water for 10 sec and then air drymg 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 fkom the same pot. Treatments D and C were 

applied at the skme time. 

Soil populations of Pythium were estimated at 0, 3.6, and 10 days 

after herbicide treatment ( D m  by dilution plating of soil samples from 

the pots on a Py-selective medium as described by Afi-Stayeh et d 

f 19861, but with vancomycin omitted. At each sampling time, 

approximately 25 g of soif was sampled from a depth of 15 cm at each of 

four equidistant focatiofls in each pot using a soil core borer steriiized 

with 75% EtOH. The four sarrplei. per pot were mixed *_horoughly and 

then two 5 g [fresh weight) sub samples were taken. One sub sanrpk was 

dried at 90•‹C overnight and used to estimate the percentage of soil 



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 I mL aliqouts of this dilution were poured onto 

solidified Pythium-selective medium [Mi-Shtayeh et d, 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 'he plates under slowly m-g tap water and P y ~ ~  

colonies were marked. The plates were then incubated for a further 24 h 

to allow slow-growing colonies to bz 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 weight of the 

oven dried soil sample. 

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

Isolates of P. u l t imrn  RFtP type l a  and P. cobrafum RFLP type 1 

used in this experiment were selected from a collection of Pythium 

isolates that were o r i ~ ~  obtained from glyphosate-treated bean 

pllants grown in different soils taken from various sites in British 

Columbia. The two selected isolates were a strong m h o s a t e  synergist 

and a non-ghlphosate synergist on bean plants, respectively (Chapter 2). 

One hundred kg of sandy loam soil (OM= 1296, pH= 5.0) was taken 

fmm a field near Aldergrove. B.C., that had previously been cropped to 



vegetables. The sail was kept moist and was passed through a 4.5 mm 

sieve to remove large deb&. Batches of 2 kg of soil were pui: 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. 

u t m  or P. colorahun. Inoculum was made by growing both fungi 

separately in stationary culture in V8-cholesterol broth (Ayers and 

turnsden 1975) for 8 days. The mycelia were collected a d  rinsed with 

sterile distilled water on a Biichner funnel lined with filter paper. The 

mycelial mats were aseptically cut into nominal 1 cm2 pieces with a 

scalpel, and suspended in 6.08 % sterile WA at 1 g fresh weight per 100 

mL, and macerated in a Somall blender for 20 sec. Inoculation was done 

by mixing 10 mt 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 1 0 0  L disinfected 

plastic cor i tahe~~,  covered with tight 'lids m d  kept at ~ s o m  temperature. 

The progre-ss of colonization of these soas by P. ultimum or P. 

cabraturn 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 (DM). Aseptic technique was used when 

taking the soil samples from the 1 0 0  L containers at each sampling time, 

and when removing the soil needed for the treatment pots at 30 IIAI. 

Each of the Pyttziwn-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 soif; B) i n d a t e d  soil planted with beans; C) inoculated soil 



planted with bears 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. coloraturn-inoculated soil. 

Three replicate pots were used for each treatment. 

Seeding and growing conditions wed in this experiment were 

similar to those of the fmt experiment. Two weeks after the beans were 

seeded, the plants growing in pots C and D were treated with glyphosate 

(as ~oundup@ at 6 mL/L) and paraquat (as Gramoxone@ at 9 rnL/L) 

respectively, by spraying the leaves with the herbicide solution until they 

were wet. The soil pup-izlztions of RgftiLim 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 sods 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 

ftUL.escens L. cv. California Wonder) or sunflower (Helianthus muus L. cv. 

Sunwheat 10 1). 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 

wfth Saran wrap" plastic film to minimize water evaporation during 

incubation for t week at 20-23OC. The numbers of dead and living 

seedltngs were counted 1 week after seeding and the percent damping-off 

was computed, 



P. uitimrun and P. coloru~bnt populations were separately analwed 

during each plating period since no simple linear or nonlinear models 

that would adequately describe the data could be found. Logarithmic 

thansformation of population data were done before conducting the 

analysis of variance WUVA) in SAS statistical package (1 985). Tukey's 

test was used to compare the differences between treatment means. 

ANOVA was also used on arcsine-transformed pre-emergence darnping- 

off data for each plamg period. Multiple comparisons between 

treatments were made using Tukey's test. 

To determine the relationships between Pythlum population levels 

and their pathogenic potential, Pgfhium population estimates were 

correlated with the comeponding percent pre-emergence damping-off 

obsenred for each soil sample. Arcsine trar~sfonned damping-off data 

were used in the cumelation tests. 

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

The populations of Pythiwn in the pots comprising the various 

treatments at the start of the experiment ranged from 690 to 904 CFU 

per g of dry soif Figure 13) which were not significantly different from 

one another. There were also no significant differences in the general 

Pyfhium population among the various treatments compared with the 

control at 3 and 10 D m .  However, significant differences were observed 

at 6 DAHT, where the general Pythiwn populations in pots containfng the 



bean + glyphosate 

Wed bean roots 

control 
untreated bean 

0 3 6 9 12 15 
Days after herbicide treatment (DAM') 

Figure 13. The effixt of bemi root residues on the general population 
of P g t W m  tn potted muck soil. Symbols at 6 D M  
foUmed fiy the same letter are not significantly different 
from each other fB=0.05). 



glyphosite-treated beans [C) and heat-killed bean roots (D) were 

significantly higher than with untreated beans (B) and control (A). The 

Pythium population in pots with untreated beans (B) was not significantly 

different from control (A). 

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

The estimates of CFU of P. uttimum and P. coloraturn foilowing 

introduction of these fungi into autoclaved sandy loam soil are shown in 

Figure 14. P. ultlmum increased from 8 CFU per g of dry soil immediately 

&ter inoculation to i7 CFU and 165 CFU by 3 and 6 DM, respectively. 

This was followed by fluctuations between 13 1 and 236 CFU during 9 to 

42 DAI. The P. coloraturn 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 2 1 DAI 

and then declined to 1900 CFU at 27 DM, and ranged between 1100 and 

2100 CFU for the duration of the sampling period. 

Symptom development sn bean plants treated with herbicides 

Untreated bean plants grown in both the naturally Fythium- 

infested muck soil and in the P. ultimum- or P. cobra-tum-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 treatment. 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 upwad 

and killed the plants by 4 DAHT. Root rot symptoms on glyphosate- 

treated plants growing in the P. coloraturn-inoculated soil occurred 3 days 



Days after inoculation (DM) 

Figure 14. Population dynamics of Pythium ultfrnurn and 
P. coloraturn inoc*dal.ed into autoclaved sandy 
loam soil. 



later than those growing in P. rrltimum-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 D m .  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. 

EEects of herbicide-treated plants on population dynamics of 
P uttimum and P. cotoraturn 

Soil populations of P. m u m  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. cobrafwn (Figure 15). 

No consistent differences in the responses to the three treatments 

involving bean roots were evident, aithough a distinct population peak in 

the bean + glyphosate treatment was evident at 9 DAKT for P. tsltimum, 

and at 9, 12 and 15 DAHT for P. cobraturn 

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

planted in P. ultimum- or P. coloraturn-inoculated soil of the various 
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treatments at 0, 3, 6,9, 12, 15, 18, and 2 1 DAHT ranged from 98 to 

1Wh for P. uftimum and 94 to 98% for P. coloraturn 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. ultimm-inoculated soils from the various treatments produced an 

overall range of 1 to 32 % pre-emergence damping-off, and except at 0 

DAHT, there were significant differences among the various treatments 

(Figure 16). More damping off occurred in soils Erom all three treatments 

involving beans than in the control (plain inoculated soil) at all sampling 

times between 6 and f 2 DAHT. The highest pre-emergence damping-off 

of sunflower occurred at 9 D M  in soils from pots planted with 

glyphosate-treated beans. When the data for the P. ultimwn 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 TO) overall range of pre-emergence damping-off was 

observed when P. coloratturr-inoculated soils from various treatments 

were used for sunflower pathogenicity tests (Figure 16). Except at times 0 

and 3 DAHT, significant differences were observed among the treatments. 

The highest pre-emergence dampinq-off occurred at 15 DAHT on seeds in 

soils from pots planted with glypkosate-treated beans. A trend similar to 

that noticed in P. uttimum-inoculated soil for increased damping-off Ln 

the soils with tjae higher P. c & r m  popuiations was observed. 

Szp-ie eom&titjn mdjjses of i-etlationships between Py'tPtm 

populations and damping-off of sunflower were done for data obtained 

from each treatment of both ~~ isolates (Table 1 1 ). Correlation 

coefficients fr) of individual treatment data ranged from 0.54 to 0.98, 
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Pythium ultfrnum 

bean + giyphosate 
untreated bean 
bean + paraquat 
control 

- 

bean + glyphosate 

- bean + paraquat . 
untreated bean 

a control 

0 3 6 9 12 15 18 21 24 27 30 

Days after herbicide treatment (DRHT) 

FrgUre 16- ?re-emergence damping-off observed in germinating sunflower seeds 
in Pythium ulttmrrm- and P. coloraturn- inoculated soil collected at 
&-ereat DA!T &om pots that *-ere used to &-ow t%e Ireibiefde-treated 
bean plants. Symbols within the same DAHT followed by the same 
letter/s are not sigpflcantly different from each other (P=0.05). 



Table I I .  Stkm-may of wffejati~n for ppdal i~ns  of P;tikiu'p, 
ultimum and P. coloratwn against the corresponding pre-emergence 
damping-off observed in germinating sunflower seeds. 

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 

soil 0.54* 24 
soil + bean 0.77** 24 
soil + bean + glyphosate i).84** 24 
soil + bean + paraquat 0.77** 24 
combined data 0.92** 96 

* 
** significant at P = 0.006 

significant at P = 0.0001 

a Population levels and % re-emergence damping-off data obtained at 
each plating period ? or each treatment per isolate were combined 
and correlation test of population vs darnpin -off were done. Data 
from all treatments per isolate were also com 6 ined and overall 
correlation of population vs darnping-off were determined. 



indicating significant correlations between Pythium populations and pre- 

emergence damping-off of sunflower in both P. uitimum- and P. 

coloraturn-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. coloraturn that were introduced into 

sterilized soil were enhanced by the presence of dead and dying bean 

roots. The Pyth- populations in both situations began to decline, 

presumably towards baseline levels, following the observed population 

increases. The enhanced ppulations of both GSP and non-GSP in 

inoculated soils due to glyphasate 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 wiih the findings of other 

reseamhers showed r o d  residues from various soswces if, soil 

caused temporary elevations of various fungal populations (Lynch and 

P e m ,  1982: Bbwes, 1987; Evesque et d, 1987 and S d e y  et d, 1992). 



The strong correlations that were observed between the CFU 

estimates and pre-emergence damping-off of geminating 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 af., l996b). There 

were more than 150 P. ultimum and 62 P. coloraturn CFU per g of dry soil 

in the entire soil plating period. I t  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. ultimwn- 

than *h P. coloraturn- inoculated soil, and this difference was reflected in 

the earlier time at which the P. ultimum population peaked when 

compared to P. cobraturn Since P. uZtimm was a fast-growing and more 

virulent pathogen on 2-week-old bean plants than P. coloraturn (Descalzo 

et d, 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. colorahun appeared to 



be a more efficient saprophyte thm 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. cobraturn 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. uttimum may be more competitive against 

microbial competition than P. coloraturn. 

The glyphosate LDm 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 pg a.i. per plant, respectively (Descalzo et d,  1996a). In the 

present study, the dose of glyphosate used was comparable to the 

recommended field application rate, and higher than 50 pg 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 P y M  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 

prspulation dynamics at simulated field application rates. 

Knowing the time and duration of the increases of Pyfhium spp. in 

soil following glyphosate-treatment of plants is of practical value in 



adjusting agricultural practices such as the setting of planthg dates, the 

use of resistant varieties, and crop rotations to avoid the potential 

pathogenic effects of Qthium. This was demonstrated by the results 

reported by S d e y  et d, (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 Rhizoctoniu 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. 



Chapter V 

GENERAL DISCUSSION, SUMMaRY 
ANlZ CONCLUSION 

GENERAL DISCUSSION 

Colonization of roots of jlyphosate-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 

piants 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 Pythiun 

It is apparent that roots of plants killed by a lethal dose of 

glyphsate 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 rcspond to this situation by sapmphytic colonization of the 

dying roots of these ~!=ts. However, when plants are exposed to a 

sublethal dose of glyphasate, they undergo various physiological cnanges 



which are not neces- lethal (Stasiak et aL, 1992). Some of these 

physiologtcal effects can be observed as phytotoxit symptoms exibited by 

recovering plants. Other effects of sublethal doses of glyphosate in plants 

may not be noticeable, such as enhanced root exudation, reduced 

tignificatior? in root tissues fLiu, 1995) and decreased lignin content of 

plant tissues (Saltveit, 1988). Enhanced root exudation stimulates 

Pythium propagdes .jtit.hi? the vicinity of the roots to geminate and start 

the root colonization process (Campbell and Hendrix, 1973). Reduced 

lignification of root tissues could fav~r  rapid colonization and spread of 

@thkm inside +he rmt a d  L?e stem tissues (Lh, f 9953. In hea1th.y 

plants, proliferation and spread of Pyttrium within the main root system 

is prevented by lignified cell walls, and Pythium may remain contained in 

the root hair zone [Miller et d, 1966). When ligmflcation is reduced by a 

sublethal dose of glyphosate. Pythium containsd in the root hairs can 

resume colonization of the main roots, eventually Ming 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 populatfon fn soil 

after herbicide beatment of plants. 

Competition among soilborne microorganisms to colonize a 

potential substrate in soil is intense. fSthium spp. in general are weak 

competitors for substrates that are already coIonlzed by other 

microorganisms (Barton. 196 1: Marx, 1972). To compensate for this. 



Pyttzium spp. utilize four strategies to sunrive 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, 199 1). Second, Pythiwn rapidly colonizes and assimilates 

substrates, and converts them into persistent dormant propagules, a 

phenomenon that Bruel(1975) dexribed as "passive possession of 

substrates". Conversion of a substrate into numerous finite propagules 

gives Pgrhium a capability for spatial distribution in soil, which increases 

its chances of encountering potential hosts. Third, Pythiwn is a well- 

adapted parasite of plants, it has evoked the ability to infect roots of 

seedlings and root hairs of mature plants by rapid germi-cation of 

infective propagules in response to germinating seed volatiles and root 

exudates in the soif &T&un, 1987; Miller et d, 1966). Fourth. Pythium 

has developed the capability to parasitize more than one plant species, a 

characteristic which enhances its opportunities for sunrival in soil. The 

evdution 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 Pythiwn 

make f t  well adapted for rapid root colonization of glyphosate-treated 

plants. 

Interspecific competition among various Pythium species may 

=cur when p h t s  are eqmsd to a sub!ethd dose of glyphosate. I t  was 

observed in Chapter 2 that the fast-growing Pythium isolates (in-vitro 



growth rate) were obtained earlier from roots of glyphosate-treated bean 

seed'rings than were the slower-growing isolates. Wnen the fast- and 

slow-growing isolates were separately tested for GSI, the results showed 

that both slow and fast-growing Pythiwn 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 dso  act as  glyphosate synergists. There are reported cases of 

enhanced Rhizoctonia disease in barley that were planted imnsnediately 

after glyphosate treatment of weeds (Smiley et aL, 1992, Roget et aL, 

1992). Johal and Rahe (1 984) isolated several fungi from the roots of 

glyphosate-treated bean seedlings grown in natural soil aside from 

Pyfhium spp., and these included Fusarium spp., Acremonitlm spp. and 

Trich0dem.a 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 hngal root colonists of glyphosate-treated 

plants should be considered in future research. 



Potential effect of GSI izz 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 gr-s oiseds will also likely increase 'he use of 

glyphosate. Although results from my research showed that increases in 

Pythiurn 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 Pythiurn 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 h t w e  situation that guarantees increased usage of 

glyphosate is in the planing 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 

modem farming technology is almost certain to result in the increased 

use of glyphosate. There is no information on the resistance of glyphosate 



tolerant crops to Rjthiurn infection. A s  mentioned earlier. Pythium 

knfectim is not easily obse~v'ed matwe p'lmts, but its &ixi 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 GSP 

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 

bacteria! and hnga! biocontrol agents against important fythium 

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 Pyfhiunz species were capable of GSI in various &cot 

seedlings. These glyphosate synergistic Pythium (GSP) were widely 

distributed in fne different soils of varying types and cropping histories. 

No evidence was found for GSI host specificity among the Pyttzium 

isolates c01lected from glyphosate-treated beans and wheat, and among 



Pythlum 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 

P y M  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 Pythiurn population in natural muck soil and the 

isolated populations of GSP and non-GSP introduced into sandy loam 

soil were signficantly enhanced by the presence in the soil of bean root 

residues from various sources. The Pgthium 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 obtahcd by soil dilution 

plating and damping-off of sunflower for both GSP (P. ultimunz) and non- 

GSP (P. coloraturn). 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 piaslts exposed to a sublethal dose of glyphosate. The 

involvement of Pyfhium species in GSI was attributed to its inherent 

character as an opportunist and pioneer colonist of virgin, organic 

substrates in soil. Yne effects of ~~ spp. a s  glyp'nosate synergists 

can be characterized as the initid phase of saprophytic substrate 

colonization of roots of glyphusate-treated plants. 



Future research should consider the effect of ht,erspeciftc 

competition between Pythium species in GSI. Research to examine the 

possibility of the role of seconda.ry 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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