
Epidemiology and Molecular Charac terization
pinodes in Field Pea

of Mycosphøerellø

BY

JINXIU ZHANG

A Thesis
Submitted to the Faculty of Graduate Studies

In Partial Fulfillment of the Requirements
for the Degree of

DOCTOR OF PHILOSOPHY

Department of Plant Science
University ofManitoba

Winnipeg, Manitoba, Canada

@ Copyright by Jinxiu Zhang 2003



THE UMVERSITY OF MANITOBA

FACULTY OF GRADUATE STUDIES
*****

COPYRJGHT PERMISSION PAGE

EPIDEMIOLOGY AND MOLECULAR CHARACTERJZATION IN
MYCOSPHAERELLA PINODES IN FIELD PEA

BY

Jinxiu Zhang

A Thesis/Practicum submitted to the Faculty of Graduate Studies of The University

of Manitoba in partial fulfìllment of the requirements of the degree

of

Doctor of Philosophy

JII\¡'XIU ZHANG @ 2OO3

Permission has been granted to the Library of The University of Manitoba to lend or sell
copies of this thesis/practicum, to the National Library of Canada to microfìlm this thesis and
to lend or sell copies of the film, and to University Microfilm Inc. to publish an abstract of this
thesis/practicum.

The author reserves other publication rights, and neither this thesis/practicum nor extensive
extracts from it may be printed or otherwise reproduced without the author's written
permission.



ACKNOWLEDGEMENTS

I would like to thank my advisers Drs. Allen Xue and Dilantha Fernando for their kind

guidance and advice. Their support and encouragement throughout the course of my

academic training is greatly appreciated. Their generosity with their time facilitated this

research project and allowed for numerous discussions.

I would also like to thank Drs. Lakhdar Laman, Brian Fristensky, and David Punter

for their advice, assistance, and support as members of my advisory committee and for

their critical review of the thesis. I wish to thank Dr. Timothy Paulitz for finding the time

to review this thesis and serve as an external examiner.

I would like to thank Dr. Robert Conner at Agriculture and Agri-Food Canada,

Morden Research Center for continuing to kindly support my field experiments when Dr.

Xue left for ECORC, Ottawa. Special thanks to Paula Parks in Dr. Fernando's lab, Lisa

Yager and Barbra Dyck in Dr. Coruter's lab for their kind support in laboratory and field

experiments, and Mellisa Kiehn for help in disease assessments, and Kay Prince for

proofreading the manuscripts. Thanks to Yu Chen and Guo Xiaowei for their kind help in

field experiments and all the graduate students in Department of Plant Science for their

friendship.

Financial support from the Manitoba Pulse Growers Association and the Agri-Food

Research and Development Initiative made this research project possible, and both would

be greatly appreciated.

Finally, I wish to thank my wife, Yingzhang, my son, Jason zhang, and my daughter,

Amy Zhang for your encouragement, patience, eternal support and help in potting soil,

seeding and field work.





iv

2.I5Interaction between pathogen and host........... ...................34

3. SURVIVAL OF MYCOSPHAERELLA PINODES,TIJIF..

CAUSAL AGENT OF MYCOSPHAERELLA BLIGHT

oF FIELD pEA IN MANITO8A.............. .......... 36

3.1 Abstract.... ............:......................... 36

3.2 Introduction............... .....................37

3.3 Materials and Methods.............. .....3g

3.3.1 Sample collection and burial........ ........... 39

3.3.2 Spore concentration test..... ..................... 39

3.3.3 Plant preparation and inoculation............ ................. 40

3.3.4 Disease assessment and data ana1ysis............... ........41

3.4 Results ...........42

3.4.i Spore concentration and disease severity over time ...................42

3.4.2 Spore concentration and disease severity at two experimental fields..... ......44

3.4.3 Spore concentration and disease severity at different burial depths .............45

3.4.4 Spore concentration and disease severity in different plant parts. ................46

3.5 Discussion............ ...........47

4. DAILY AND SEASONAL DYNAMICS OF SPORE RELEASE

BY MYCOSPHAERELLA PINODES AND DEVELOPMENT OF

MYCOSPHAERELLA BLIGHT IN FIELD PEA ..............62

4.1 4bstract................ ..........62

4.2lntroduction.......... .......... 63

4.3 Matenals and Methods.... ................. 65



V

4.3.i Inoculumpreparation ........ ....................65

4.3.2 Field si1e............ ................... 66

4.3.3 Spore sampling .................... 66

4.3.4 Disease assessment............ ....................67

4.3.5 Relationship of ascospore density and distance from the inocolum

source, and disease severity ................... 6g

4.3.6 Rainfall data.... ..................... 6g

4.4 Results .......... 6g

4.4.1 Daily dynamics .................... 6g

4.4.2 Seasonal dynamics............. ....................70

4.4.3 Disease development......... .................... 71

4.4.4 Relationship of ascospore density with distance from

the inocolum source, disease severity and wind direction... ......72

4.5 Discussion............ ..........72

5. TEMPORAL AND SPATIAL DYNAMICS OF

MYCOSPHAERELLA BLIGHT IN FIELD PEA .............. 83

5.1 4bstract................ .......... g3

5.2lntroduction.......... .......... g4

5.3 Materials and Methods.... ................. g7

5.3.1 Inoculumpreparation ........ .................... g7

5.3.2 Experimental site........... ...... gg

5.3.3 Disease assessment............ .................... gg

5.3.4 Temporal disease progress.... ................. g9



VI

5.3.5 Disease gradients.............. ..................... 90

5.3.6 Geostatisticai analysis..... ..... 91

5.4 Results ..........92

5.4.1 Temporal disease progtess. ....................92

5.4.1.1 Temporal disease progress at different distances ......... 92

5.4.1.2 Temporal disease progress in different directions ........ 93

5.4.1.3 Mean disease progress .............. 93

5.4.2 Disease gradient in different directions ...................94

5.4.3 Disease decline in direction in 2000 and 2001 ........96

5.4.4 Geostatistical analysis..... .....97

5.5 Discussion ........... ..........99

6. VIRULENCE AND GENETIC VARIATION AMONG ISOLATES OF

MYCOSPHAERELLA PINODES .... i 11

6.1 4bstract................ ........ lil

6.2 Introduction.......... ........I12

6.3 Materials and Methods.... ............... 114

6.3.1 Collection and culture of fungal isolates ............... 114

6.3.2 Differential pea cultivars ............... ...... 115

6.3.3 Inoculum preparation and plant inoculation .......... 116

6.3.4 Observation of days between inoculation and symptomatic

appearance (DISA) and disease assessment .......... 116

6.3.5 DNA preparation ................117

6.3.6 AFLP analysis. ................... 118



vil

6.4 Results ........120

6.4.1 Virulence test ...I20

6.4.2 Days between inoculation and symptomatic appearance (DISA) ............. r22

6.4.3 AFLP analysis. ...................122

6.5 Discussion............ ........I24

7. GENERAL DTSCUSSION .................... 138

8. LITERATURE CITED .....142



v1l1

LIST OF TABLES

Table page

3.1 Mean spore concentrations in leaf stem and pod samples buried at

different soil depths over a twelve month sampling period....... ..............52

3.2 Mean disease severity caused by washing solutions of leaf, stem

and pod samples buried at different soil depths ..................... 53

3.3 Linear regression analysis for spore concentration, disease severity

over time, and relationship between spore concentrations and

corresponding disease severity in different plant parts at three burial

depths. .........54

3.4 Comparison of mean spore concentrations between the same pair

treatments in AÁIìC-MRC and IIM fields. .......... 55

3.5 Comparison of mean disease severity between the same pair treatments

in AAFC-MRC and LIM fields .......... 56

3.6 Comparison of mean spore concentrations between or among the

different plant parts at the same burial depth in the same fields ...............57

3.7 Companson of mean disease severity among the different plant

parts at the same burial depth in the same fields ................... 5g

5.1 comparison of the intercepts, rate parameters of mycosphaerella blight

progress curves at the six distances from the inoculated area using

the linear forms of monomolecular and logistic models...... .................. 104

5.2 companson of the intercepts and rate parameters of disease progress

curves of mycosphaerella blight in field pea at six distance levels



IX

with the linear form of exponential mode1........ ................... 105

5.3 Comparison of disease gradients of mycosphaerella blight of pea from the

inoculum source over time.. ............. 106

5.4 comparison of the mean gradients, directional gradients and disease

decline of mycosphaerella blight of pea ............ i07

6.1 Geographic origin and collection date of 58 Mycosphaerella

pinodes isolates .............. 130

6.2 Analysis of variance of disease severity and days between inoculation

and symptomatic appearance (DISA), period caused by 56

Mycosphaerella pinodes isolates on six pea genotypes.............. ........... 131

6.3 Disease severity of 56 isolates of Mycosphaerella pinodes on six differential

cultivars (Pisum sativum) .................I32

6.4 Fifteen pathotypes differentiated from 56 Mycosphaerella pinodes

isolates based on reactions of six differential cultivars (Pisum sativum) .................I34

6.5 Number of days between inoculation and symptomatic appearance (DISA)

of56isolatesofMycosphaerellapinodesonsixdifferentialcultivars .. 135



LIST OF FIGURES

Figure page

3.1 Decline of spore concentrations and disease severity in different

burial depths during 12 months in the AJUìC-MRC field ..... 59

3.2 Decline of spore concentrations and disease severity in different

burial depths during 12 months in the UM field ...................60

3.3 spore concentrations and disease severity of pod samples at different

burial depths during i2 months in the A.AFC-MRC field .....61

4.I Dally ascospore and pycnidiospore release pattem ................77

4.2 The patterns of ascospore and pycnidiospore release during and after

rain in 2000......... .............. 78

4.3 The patterns of ascospore and pycnidiospore release during and after

rain in 2001 ......... ..............79

4.4 The seasonal patterns of ascospore and pycnidiospore release

in 2000 and 2001 .............. 80

4.5 Disease progress and the rate of disease increase over time in 2000 and 2001.......... 81

4.6 The gradient of ascospore density over distance from the inoculum source ..............82

4.7 Regression of mean LAS (%) with the mean ascospore density at four

distances from the inoculum source....... ............... 82

5.1 Progress of mycosphaerella blight over time in the whole field

in 2000 and 2001 ............. 108

5 .2 The disease gradient of mycosphaerella blight in 2000 and 200 I . . .. .. .... 1 09

5.3 oriented semivariograms for LAS (%) caused by Mycosphaerella pinodes



Xi

on nine assessment dates in 2000 and 2001.......... ................ 1 l0

6.1 Estimates of genetic similarity among Mycosphaerella pinodes isolates...... ...........137



xii

ABSTRACT

The survival of Mycosphaerella pinodes was measured by testing spore concentrations

recovered from surface and buried leaf, stem and pod samples, and disease severity

caused by washing suspensions. Spore concentrations and disease severity significantly

decreased over time in all leaf, stem and pod samples. In general, spore concentrations

did not have significant decrease in leaf and stem samples from the soil surface during

the first 6 months after placement, during the first 4 to 5 months in leaf and stem samples

buried at 5 and 10 cm, and during the first 4 months in surface pod samples and 2 months

for buried pods. Disease severity, however, started significant decrease after 2 to 4

months in surface leaf and stem samples, and 2 to 3 months when buried. In pod samples,

higher disease severity was only caused by the washing solution from samples retrieved

during the first 2 months. Spores and disease severity were rarely recovered from all leaf;

stem and pod samples 8 months after burial, except for a few surface leaf and stem

samples. Decline in spore concentration and disease severity over time, and the

relationship between spore concentration and corresponding disease severity followed a

linear pattern in all surface and buried samples. Compared with buried samples,

significantly higher spore concentrations and disease severity were caused by the

washing solutions of surface samples from the field at the University of Manitoba,

especially in the surface leaf samples, during the early and middle incubation periods.

However, the two depths (5 and 10 cm) had no significant differences in decreasing spore

concentrations and disease severity. In general, the highest spore concentration and

disease severity were caused by washing solutions of the leaf samples at each of three

depths, and the lowest by washing solutions of the pod samples.
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Daily and seasonal dlmamics of spore release of M. pinodes and relationship of spore

dispersal with distance from the inoculum source, disease severity and direction to the

inoculum source, were investigated in a pea field in western Canada during two

consecutive years. Most ascospores were released in response to rain events, within 23

days after a 6 x 6-m central area of field was inoculated with diseased residue.

Pycnidiospores were released within 13 to16 days after the field was inoculated. The

largest peaks of spore release appeared before 13 days after inoculation. The number of

spores trapped decreased over time. Few spores were trapped after 23 days and until the

end ofseason. The daily peaks ofascospore and pycnidiospore release occurred between

1700 h and 400 h, but pattern of release varied during and after rain. Most ascospores

were released 1 to 2 days after rain and the largest peak appeared on the first day after

rain. On the other hand, most pycnidiospores were released on the same day as rain

occurred or on the first day after the rain event. Disease severity decreased in response to

increasing distance from inoculum source. Ascospore density was negatively correlated

with distance from the inoculum source and positively related to the disease severity. In

general, the plants in downwind directions of the inoculum source received higher

ascospore density, and developed more severe disease.

The temporal and spatial pattems of mycosphaerella blight caused by M. pinodes in

western Canada were charactenzed during the epidemics of 2000 and 2001, using

mathematical models and geostatistical analysis. The exponential model proved the best

for describing the disease progress at distance and directions from the inoculum source in

most cases. The disease progress rates measured by linear form of the exponential model

ranged from 0.08 at the inoculated area to 0.19 at 18 m from the inoculum source, and
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from 0.10 to 0.16 in different directions. The integrated expressions of the exponential

model for the mean disease progress in 2000 and 2001 were: y : I0'3 exp(Q.I32t) and y :

2.24 x 104 exp(0.153t), respectively. The greater disease gradient remained in the

upwind north to northwest section at the end of the epidemics in both years, while the

gradients in the south to east section became flatter at the end of the epidemics in both

years. Disease severity declined by 50% within 1.8 to 15 m and by 90% within 7 to 62m

from the inoculum source in the upwind directions. Disease severity declined by 50%

within T6 to 44 m and by 90% within 55 to 222 m in the downwind directions. The

integrated expressions of the exponential model were: -y: 0.89 exp(-0.043s) for the mean

disease gradient in 2000, andy:0.731 exp(-0.05s) in 2001. On the basis of the mean

disease gradients in both years, the disease declined by 50% andg}o/o within 8 to 14 m

and 40 to 51 m, respectively. The ranges of the spatial dependence were 18 m within

rows in 2000 and across rows in both years. The range of dependence was 22 m in the

135" in 2000 and 45o in both years. It was 32 m in the 135" in 2001, but the range was not

detected within rows in 2001. The greatest increases of semivariance were observed in

the late epidemics in all directions in both years.

Fifty eight isolates of M. pinodes on field pea, collected from western Canada, New

Zealand, France, Australia, the IIK and lreland, were analyzed for pathogenic variation

according to their virulence on six differential hosts of field pea (AC Tamor, Bohatyre,

Danto, Majoret, Miko and Radley). Genetic variation of the isolates was analyzed using

amplified fragment length polymorphism (AFLP) markers. Fifty-six out of 58 isolates

were tested for pathogenicity and classified into 16 pathotypes. Pathotype 1 consisted of

31 isolates and was virulent to all six pea differential cuitivars. Pathotypes 15 and 16,
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together consisted of eight isolates and were avirulent on all six differential cultivars or

virulent on one of six differential cultivars. The analysis of molecular variance showed

fhat 57.2o/o of variation was caused by differences among populations, and 42.8o/o was

due to molecular diversity among isolates. Phylogenetic analysis in molecular variation

of isolates showed that the four Australian isolates and isolates from Canada and the

other countries formed two distinct clusters, regardless of virulence on the six differential

cultivars. Most Canadian isolates had high molecular similarity and were clustered in a

group. Isolates from New Zealand were geographically clustered into two groups.

However, the isolates from France, Ireland and the llK were clustered with Canadian

isolates. In general, pathogen virulence was not correlated to molecular genetic variation

of pathogen population.
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FOREWORI)

This thesis follows the manuscript style outlined by the Department of Plant Science,

University of Manitoba. Manuscripts follow the style recommended by Canadian Journal

of Plant Pathology. The thesis is presented as four manuscripts, each containing an

introduction, materials and methods, results, and discussion. A general review of the

literature precedes the manuscripts, and a general discussion follows the manuscripts.



CHAPTER 1

GENERAL INTRODUCTION

Canada was the world's largest producer and exporter of pea in 2000 (Gruener 2002).

Feed demand in Canada seems to be growing quite quickly because peas are replacing

imported soy meal in hog feed rations (Sabourin 2001). In Manitoba, 135,000 acres of

peas were planted, of which 78% v/as yellow peâ, and IB% was green pea.

Mycosphaerella blight, caused by Mycosphaerella pinodes (Berk. & Blox.) Vestergr. is

the most important disease of field pea in western Canada (McKenzie and Morrall 1973;

Xue et al. 1996; Xue 2000; Yager and Conner 2001). Surveys reported that looo/o of the

fields were infected by M. pinodes (Kirkham 1992; Xue and Bumett 1994, Xue et al.

1995; Yager and Conner 2001). Average yield losses caused by this disease in Canada

have been estimated at 70o/o on average and losses over 50Yo have been measured in field

trials (Xue et al. 1997).

Studying survival of the pathogen is important for formulating management strategies

of disease control using agricultural practices such as sanitation, plowing and crop

rotation. This has been shown in other host-pathogen systems such as Fusarium spp. in

maize (Cotton and Munkvold, 1998; Mayfield and Clare, 1984). M. pinodes is able to

survive by means of mycelium, pycnidiospores, chlamydospores or sclerotia on diseased

host tissues in the soil (Sheridan and Dickinson 1968, Lawyer 1984). A wide range of

pathogen survival periods in soil has been reported: the pathogen survives in soil from a

short period such as 4 months to 20 years (Cruickshank 1952; Carter and Mollar 196l;

V/allen et al. 1967; Sheridan 1973; Davidson et aI.1999). These results strongly suggest
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that survival periods of M. pinodes vary extremely in different regions. These significant

differences of survival periods are probably caused by different weather conditions or soil

conditions such as soil moisture and microflora. Therefore, it is necessary that survival

period in a local region be determined.

The analysis of the temporal and spatial dynamics of plant diseases in the field is

important in understanding disease epidemics. The ultimate purpose of analyzing these

dynamics is to help growers make wise decisions in disease management. Many

techniques have been employed to analyze the temporal and spatial dynamics of plant

disease. Of these techniques, mathematical models are the most commonly used and have

been extensively applied to quantify the temporal and spatial dynamics of diseases and

pathogen population in various crops (Madden et al. 1987; Nelson and Campbell 1993;

Camann et al. 1995; Paulitz 1996). Some models have also been used to compare and

evaluate the effectiveness of fungicides and different disease management practices

(Culbreath et al. 1991). Although polynomial equations were fitted to predict the stages

of infection, incubation, latency and disease development of mycosphaerella blight as

functions of temperature and duration of moisture under controlled conditions (Roger et

al.1999b), no information of the disease dynamics in time and space in the field has been

reported for mycosphaerella blight on pea. Especially, few studies use mathematical

models to analyze and quantift the disease progress and disease gradients of this disease

under field conditions.

Studies on spore d¡mamics provide important information on characteristics of spore

release and dispersal under different weather conditions, and thus help or understand the

association of disease occurrence with spore dispersal will be understood well.
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Characteristics of spore release and dispersal have been reported in other pathosystems,

and provide important information for making useful decisions on management shategies

(Meredith 1963; Meredith 1966 Gregory 1973; Fitt and McCartney 1986; Fitt et al. i988;

Fernando et al. 2000; Guerin et al.200I; Rossi et al. 2001). A few studies on M. pinodes

reported spore release time, dispersal distance, effects of rainfall, and vertical distribution

of spores in peas (Carter and Moller 196l; - Roger and Tivoli i996b). However, little

information is known on seasonal spore dynamics, characteristics of spore release during

dry weather versus rain, changes in spore density over distance and direction from

inoculum source, and relationship of spore dispersal to disease severity. Knowing these

characteristics is very necessary for understanding and controlling the disease.

A number of pathotypes of M. pinodes have been reported based on the interactions on

differential hosts in different countries (Ali et al. 1978; Nasir & Hoppe l99I: Xue et al.

1998; Onfroy et al. 1999). Molecular markers, in combination with pathogenicity tests,

have been used in studies to understand genetic variation of pathogenicity (Chakraborty

et al. 7999; Pongam et al. 1999), identify pathogen races (Crowhurst et al. l99I), detect

pathogen population dynamics and examine evolutionary relationships between pathogen

races (Chen et al. 1993), and differentiate pathogen species with similar phenotypic

characters (Huang et al. 1995; McDonald, 1997; Harrington et al. 2000). In the case of M.

pinodes, molecular markers have been used to differentiate three Ascochyta species:

Ascochyta pisí, M. pinodes and Phoma medicaginis var. pinodellai (Bouznad et al. 1995;

Faris-Mokaiesh et al. 1996; Onfroy et a1.7999). There is little information on molecular

variation among isolates of M. pinodes, especially genetic relationships among isolates

from different countries.
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The objectives of this study were:

1. To determine the duration that M. pinodes can survive in leaf stem and pod residue at

different soil depths in Manitoba.

2. To determine the daily and seasonal dynamics of ascospore and pycnidiospore release

of M. pinodes, analyze the effects of rainfall on spore release, and investigate the

relationships ofspore dispersal to distance from the inoculum source, disease severity

and wind direction.

3. To analyze the temporal and spatial dynamics of mycosphaerella blight in the field,

using the most suitable mathematical models and geostatistical analysis.

4. To determine pathotypes of the isolates tested, and to analyze the relationship

between virulence and genetic variation among isolates of M. pinodes.



CHAPTER 2

LITERATURE REVIEW

2.1 Field pea

Field pea (Pisum sativum L.), also known as dry pea, is an important legume crop

worldwide. It is a high-quality and high-protein crop, native to southwest Asia. Field pea

is an annual, cool-season, pulse crop. It is well adapted to cool, semi-arid climates. Field

peas are classified by the color of their seeds into yellow and green peas and by habit into

climbing variety, bush or dwarf types. Field pea is generally seeded I to 2.5 inches deep

in rows spaced at 6 to 7 inches. Generally, seeding rate is between 1i4 and 176 pounds

per acre. Optimum yields result at growing temperatures between 12oC and 18"C. Hot

weather, especially during flowering, can reduce seed production. Field pea reaches

maturity at 95 to 100 days after emergence. Field pea performs best when the majority of

moisture is available in the spring, and limited rainfall occurs during pod fill and

ripening. The optional soil pH for field pea is between 5.5 and 6.5.

In Canada, field pea production consists primarily of yellow pea (65%) and green pea

(35%). In the last five years, annual planting area ranged ftom 2.2 to 3.98 million acres;

arurual yield ranged from 2.2 to 3.4 million metric tons, accounting for about 27o/o of

world production. The average yield of peas is about 1800 kg/ha in western Canada

(Sabourin 2001, Clancey 2002). Canada exports approximately 70o/o of the peas it

produces, of which over 600/o is for human consumption, and the remainder for feed.

India is a major food pea importer, and Pakistan, Bangladesh and China are also

importers for food use to a lesser degree (Wilcox 2000; Gruener 2002). European
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countries are major importers of feed peas, as pea is a very common ingredient in hot

rations throughout Europe. Feed demand in Canada is growing rapidly because peas are

replacing imported soy meal in hog feed rations (Sabourin 2001).

2.2 Disease distribution

Mycosphaerella blight, caused by Mycosphaerella pinodes (Berk. & Blox.) Vestergr.

(anamorph Ascochyta pinodes), occurs worldwide (McKenzie and Morrall 1973; Lawyer

1984; Bretag 199i; Tivoli et al 1996; Clulow et al. 1992) and is the most important

disease of field pea in western Canada (McKenzie and Morrall 1973; Xue et al. 1996;

Xue 2000; Yager and Conner 2001). Surveys reported that I00Yo of fields were infected

by M. pinodes (Kirkham 1992; Xue and Burnett I994,Xte et al. 1995; Yager and Conner

2001). The expansion of field pea production in recent years and the use of susceptible

cultivars introduced from European countries have partly contributed to the wide

distribution of this disease and the occurrence of moderate to severe levels of infection in

western Canada (Xue et aI.1997).In Australia, France and New Zealand, mycosphaerella

blight is also the major constraint in field pea production (Kraft et al. 1998; Wroth 1998;

Roger et al. I999a). M. pinodes has also been reported from subtropical areas in Afüca,

Central and South America, and Haiti (Lawyer 1934).

2.3 Symptoms

The fungus infects all parts of the pea plant, including the seed, and adversely affects

plant growth, yield, and seed quality (Lawyer 1984). The first symptom may appear 48-

72 h after inoculation under conditions optional for disease development (Roger et al.
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1999b). However, at suboptional temperatures, a longer period of leaf wetness is required

for infection (Bretag 1991). Blight caused by M.pinodes is charactenzedby lesions on

leaf, stem, and pod, as well as by discoloration of the cotyledon, hypocotyl, and root

areas (Lawyer 1984). Symptoms are generally severe on leaves and on internodes of the

basal part of plants, while pods have few lesions (Tivoli et al. 1996). Initial symptoms of

M. pinodes infection are small, dark, irregular flecks on leaf stem, pod, and cotyledonary

area. The efficiency and speed of infection and development of disease depend on the

number of pycnidiospores involved in inoculation and on moisture (Bretag 199I; Heath

and'Wood I97l). The lesions, especially those on leaves and pods, enlarge sequentially,

resulting in a characteristic concentric ring pattern in altemating shades of tan and brown.

Lesions enlarge quickly, coalescing to form necrotic areas under favorable conditions,

and leading to premature host senescence (Kerling 1949). Stem lesions become

progressively longer and wider streaks that are blue-black or purplish. These lesions often

coalesce to completely girdle stems, pedicels, or tendrils. In the absence of heavy rains,

lesions on leaves caused by ascospores of M. pinodes may remain small and distinct as

long as the leaf remains green. Root infection is usually cortical on the upper taproot and

hypocotyl, but lateral roots also may be invaded and destroyed. When seed is infected or

when infection occurs early from overwintering sources, seedlings may be killed or

stunted enough to be unproductive.

2.4Pathogen

Mycosphaerella pinodes is homothallic, with 15 haploid chromosomes. The perithecia

are dark brown and globose, with papillate ostioles, and are 90 x 180 pm in diameter.
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Asci are cylindric, clavate and sessile, and their walls have double membranes. The inner

membrane becomes thicker at the apex, where a pore is located. The asci (50-80 x 10-15

pm) contain eight ascospores, which are hyaline, two-celled, constricted at the septum,

and rounded and nalrower at the tips. They average 7.9 x 17.2 ¡rm in size. The ascus

ruptures at the pore, propelling the ascospores from the sack (Hare and Walker 1945).

Conidia contain numerous oil globules and range from 8 to 16 pm long and from 3 to 6.5

prm wide, averaging 4.5 x 12.3 ¡tm. Each single spore colony varies from the next in

appearance. In general, colonies are light to dark gray, often growing in concentric rings.

The color and texture vary with the proportion of chlamydospores, pycnidia, and

mycelium produced (Lawyer 1984).

Perithecia can be produced in culture on several agar media, including potato dextrose,

oat, malt, and pea agar. Potato dextrose agar (PDA) with 1.7-1.9% agar, l.5olo dextrose

and temperature at 16"C are favorable conditions for perithecial production. Perithecia

mature on the average in approximately 25-30 days. Pycnidia are also produced along

with the perithecia in varying proportions. Both may be embedded in the medium or

distributes on the surface (Laywer 1984). However, Roger and Tivoli (1996a) reported

that in vitro studies on different media showed that perithecial and pycnidial

differentiation was initiated by light and temperature, and varied by strains and cultural

medium. On oatmeal agar medium the mycelial growth and the formation of perithecia

and pycnidia were markedly faster than on synthetic media. On oatmeal agar medium,

perithecia appear 13 days after inoculation, while pycnidia were formed after 6 days of

inoculation. Perithecial formation was favoured at 20"C and with a 16-h daily

photoperiod.
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2.5 Disease Cycle

In areas where peas are grown year after year, mycosphaerella blight, although

varying in severity, is endemic (Hare and V/alker T945). The pathogen colonizes pea

straw both on the soil surface and when buried, and it competes well as a saprophyte with

other soil microflora. The fungus survives as thick-walled mycelia (sclerotia),

chlamydospores, and pycnidia on straw fragments and in the soil (Sheridan 1973). When

temperatures are above freezing and sufficient moisture is available, old pycnidia mature,

new pycnidia and perithecia develop, and their spores are released to infect the new pea

crop (Hare and Walker 1945).

The ascospores can be borne by wind for more than 1 km, and in this way the disease

is distributed relatively uniformly over large areas, even to nearby fields in which peas

may never have been planted. Pycnidiospores, on the other hand, unless they are picked

up in water droplets during high winds, as in a thunderstoïïn, are more localized in their

infective pattern. Although enoÍnous numbers of pycnidiospores are extruded in

gelatinous cirri during rainstorms, most of these spores are splashed locally onto the

lower leaves of the pea vine canopy (Hare and Walker 1945; Lawyer i984). Large

numbers of pycnidiospores lodge on the leaves in this manner and incubate to produce

germ tubes that penetrate the plant tissue directly through the cuticle and into the cell

walls (Lawyer 1984). Additional pycnidia develop on these new lesions and produce

more conidia, and the disease spreads rapidly in the moist environment.

Infection of pea epicotyls by M.pinodes has been reported (Clulow et al. 1991a). The

pathogen penetrates the cuticle by means of appressoria and infection pegs, then grow

through the outer wall of the epidermis. A 48-h biotrophic stage is followed by a
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necrotrophic phase involving progressive necrosis. Finally, the epicotyl is girdled by

macroscopic lesions. The mechanism of penetration on epicotyls is different from that on

leaves, where the hypha appear to sink into the cuticle surface and penetrate with

appressorium formation (Clulow 1 989).

Seed-to-seedling transmission of M. pinodes is considered to be the major source of

primary inoculum in new field pea growing areas and in the subsequent crop year

(Lindford and Sprague 1927; Maude 1966; Wallen et al. 1967; Ali-Khan and Zimmer

1989; Rashid et al. 1996; Xue et al1996). Under controlled conditions, the percentage of

seeds infected by M. pinodes was negatively correlated with seedling emergence, but not

with frequency of foot rot (Xue 2000).

2.6 Effects of environmental factors on disease

Temperature and leaf wetness are major factors affecting disease and fruiting body

development for many aerial pathogens (Rotem et al. L978; Huber and Gillespie 1992).

The number of pycnidia of M. pinodes increased under a high level of humidity (Kerling

1949; Lawyer 1984; Roger et al. I999a) and around spreading lesions, when free water

was present on leaves, limiting the availability of pisatin (Heath and Wood l97I). Longer

wetting periods were required for disease development and pycnidial formation at non-

optimal temperatures (Bretag 1 99i).

Intemrpted wet periods significantly affect infection by pycnidiospores and

development of mycosphaerella blight on pea seedlings (Roger et al. 1999b). A minimum

wet period of 2h is required for spore germination at temperatures from 15-30"C (Roger

et al I999b). Pycnidiospores were able to survive dry periods of up to 21 days after
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inoculation under controlled conditions. Rewetting can restore the infection capacity of

the pycnidiospores, resulting in high disease levels. Effects of wet-dry-wet cycles depend

on when the dry period occurs during the infection process. No disease symptoms

appeared when dry periods occurred during germination. A low level of disease occurred

after rewetting in high relative humidity if the intemrption of the wet period was long.

Pycnidiospores formed appressoria but hyphae did not penetrate if a 6-12 h wet period

preceded the dry period, and only a few flecks appeared during the dry period. Lesion

development depended on the duration of the initial wet period, and the characteristics

(temperature and duration) of both the dry period and the final wet period. In the field,

infection and disease development of M. pinodes may be reduced by a dry period, with

symptoms limited to smail flecks on leaves (Carter and Moller 1960).

Infection of M. pinodes was reported at temperatures between 10'C and 30oC, with the

optimum temperature range being I5-20"C (Wallen 1965; Bretag 1991). the optimum

temperature for pycnidium formation was reported at 20C,24"C, and 20-28"C in vitro

by respectively, Hare and Walker (1945), Lawyer (1984), Roger and Tivoli (1996a).

Under controlled conditions, the optimum temperature for a monocyclic process was

20"C. At this temperature, pycnidiospores germinated and formed germ-tubes within 2 h,

appressoria formed within 6 h, and penetrated the leaf cuticle after 8 h (Roger et al

1999b). Disease symptoms appeared 24 h after incubation and first pycnidia formed after

3-4 days at 15-25"C.

Disease severity and the number of pycnidia formed on leaves increased with

temperatures from 5 to 20oC, decreased between 20 arñ 30"C. Field samples of pea

tissue infected by M. pinodes usually bear numerous asexual pycnidia (Ascochyta
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pinodes) on green and senescent parts of the growing plant. Many perithecia were formed

as a result of fertilization of sexual hyphae, on the lower senescent leaves.

2.7 Components of yield loss

Yield losses caused by mycosphaerella blight were reported in a range from 10% to

75% (Wallen 1965; Lawyer 1984; Allard et al. 1992; Maufras 1997; Xue et al. 1997;

Béasse et al. 2000). Average yield losses caused by this disease in Canada have been

estimated at I}Yo and losses over 50Yo have been measured in field trials (Xue et al.

1997).In France, in 7 out of 10 years, on average, mycosphaerella blight reduced yield

by 20% (Maufras 1997; Béasse et al. 2000).

Yang et al. (1991) indicated that information on yield loss of leguminous crops affected

by foliar disease is slight, partly because of the complicated yield-producing mechanisms

of these crops. In pea, some studies related the effect of diseases on yield components.

Falloon et al. (1993) observed that powdery mildew mainly reduced the number of seeds

per pod and the seed weight in pea plants infected at early reproductive growth stages,

but that only seed weight was reduced in plants infected at a late reproductive stage.

Roberts (1993) explained yield losses due to bacterial btight on pea by a reduction of the

number of pods per plant and seed per pod. The effect of disease prior to flowering was

to reduce the potential number of pods that a plant may cafry, whereas the effect of

disease after flowering was to reduce the ability of a plant to fill those pods. In the case of

M. pinodes. different times of inoculation with M. pinodes produced varying effects on

disease development, yield, and seed infection (Xue et al. 1997). The greatestimpact of

inoculation on all disease and yield parameters was at the 8-10 node stage and at the mid-
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flowering stage. The lowest impact of inoculation was at the pod swell stage. Inoculation

by M. pinodes at the 8-10 nodes, mid-flowering, and pod swell stages reduced yield by

37-33o/o,24-43% and I9-30o/o, respectively. The 1000 seed weight was not affected by

the timing of inoculation, however, all inoculations reduced seed weight (Xue et al.

1997). Tivoli et al (1996) showed that the number and length of stems per plant were the

same for diseased and healthy plants. The number of reproductive nodes and pods per

stem were affected by disease. Disease caused reductions in the number of seeds per stem

by 18-25%, and in seed size by 13.5-i6.7o/o, compared with healthy plants (Wallen 1965;

Tivoli et al 1996). The harvest index (dry weight of seeds/total dry weight) and total

biomass were lower in diseased than in healthy plants. Seed yield was reduce dby 40o/o in

diseased plots. These results show a high relationship between disease parameters and

yield reduction (Tivoli et al 1996).

Infected seeds cause serious losses due to poor geÍnination and high transmission of

disease to plant parts under the soil. Foot rot often causes death of young seedlings and

increases with low temperature during the early stage of crop development. Disease can

progress from seeds to aerial parts and remain near the basal parts as foot rot symptoms,

suggesting seed infection was not a source of aerial infection (Moussart et al. i998). Only

5-10% of plants growing from infected seeds had lesions on stems above-ground level

(Maude 1966; Bretag i991).

2.8 Spore release and dispersal

Before spores of pathogens produced at the source site can be transported over long

distances, they are first released from the canopy into the air, which is the process during
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which spores take off from the parent tissues. Mechanisms of spore release vary among

plant pathogens. For airborne pathogens, one of the mechanisms is hygroscopic twisting

movement. Some species of Cladosporium, Helminthosporium, andAlternariautilizethis

mechanism (Meredith 7963; Meredith 1966).In all the cases, as the air near the conidial

apparatus dries out from a near-saturated state, conidiophores undergo twisting

movements with varying degrees of violence, and scatter the conidia in all directions.

Another mechanism involved in spore release in some aerial pathogens is called water-

rupture mechanism, in which spores are released under conditions of decreasing vapor

pressure (Meredith 1970). In this mechanism, energy for spore release appears to be

derived from sudden changes in the form ofspore or sporophore, or both. These changes

in form are associated with the sudden appearance of a gas phase inside the spore or

sporophore or both, similar to the water-rupture mechanism in the well. Corynespora

cassicola and Alternaria porri use this mechanism. Sometimes, one pathogen probably

utilizes more than one mechanism of spore discharge simultaneously, such as

Cladosporium spp. and Helminthosporium spp., which uses both the hygroscopic twirling

movement and the water-rupture mechanism. In contrast, spore release in both

Pyrícularia grisea and P. oryzae occurs under conditions of increasing vapor pressure

(Ingold 1964). There is strong evidence that spores of both fungi are discharged by the

bursting of the minute stalk cell by which the spore is attached to its conidiophore,

although the distance of discharging spore is short (Ingold 1964).

The general mechanism of ascospore discharge is the controlled apical bursting of a

turgid living cell, the ascus (Ingold l97l). The spores from an ascus are usually liberated

in succession through an elastic aperlure in the ascus. Typical examples are the forcible
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ejection or "shooting" of mature ascospores from pseudothecia of Podospora setosa

(Ingold I97I), and Venturia inaequalrs during periods of spring rains (Hirst 1953).

Rain splash is well documented as an agent in the release of spores of many fungi.

Most spores that depend on \¡/ater for their release are typically considered as "slime-

spores", but water may also play an important part in spore release of certain "dry-

spores" that are usually released by wind, such as spores of Botrytis spp. (Jawis 1962)

that are held more f,rrmly to the plant surface.

The direct impact of raindrops or splashing can also liberate fungal spores. As a

raindrop strikes a leaf the tapping of the leaf can cause the release of dry spores. Also, a

raindrop spreads out on a dry leaf, resulting in a puff of air, which may remove fungal

conidia (Hirst and Stedman 1963). Spores can also be liberated directly from their host by

the impact of raindrops or canopy drip (Gregory 1973; Fitt and McCartney 1986; Fitt et

aI.1988)

Moisture in the environment, such as precipitation, dew and relative humidity, is also

the most important factor for ascospore release of many ascomycetes (Fernando et al.

2000; Guerin et al. 200i; Roger et al. I999a; Rossi et al. 2001). In general, ascospores are

discharged by means of pressure in the perithecia that is usually caused by the hydration

of perithecia. 'When 
the stromata is covered by free water during rain, the contents,

including the asci in perithecia, hydrate and swell, and the pressure is released by an

expulsion of the perithecial contents; thus releasing the ascospores (Lawyer 1984; Roger

et al. 1999b).

Many studies on the release and dispersal of airbome spores have been reported in

various pathogen-host systems. For example, Fernando et al (2000) reported that the
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release of Gibberella zeae ascospores in wheat occurred mostly at night and was

correlated with rain events, but most conidium release events of other Fusarium spp.

from wheat such as F. croolcwellense, were not related to rain events. Guerin et al. (2001)

showed that ascospore release of Cryphonectria parasitica, causal agent of chestnut

blight, was significantly correlated with the air temperature, rain events and humid

conditions. However, it was reported that dew was always insufficient to allow

ascospores of Venturia innaequalis to disperse into air (Rossi et al. 2001). Therefore, in

different host-pathogen systems, spore release and dispersal respond to environmental

conditions. Various studies shown that peak spore release occurred 1-3 days after rain

(Hare and walker 1945; Paulitz 1996; Femando et al. 1997; Femando et al. 2000).

The role of wind as a key factor in spore dispersal has been reported in studies of many

airborne pathogens (Fernando et al. 1997; Cox and Scherm 200I; Xu and Ridout 2000;

Xu and Ridout 2001). Spores are transported in moving air by turbulent eddies and can

travel long distances. Small spore-carrying splash drops (<200 um diameter) can be

carried large distances by wind, whereas large splash droplets are less affected by air

movement (Fitt and Bainbridge 1983). At present, the quantitative effects of wind on

spore release have not been proved due to insufficient information. Stepanov (1935)

found that the minimum wind speed was required to release spores varied from fungus to

fungus, and turbulent wind released more spores than streamlined wind.

Although an airborne pathogen produces a huge amount of spores at the infection sites,

only a small fraction of the spores is released from the source into the air (Aylor 1986).

This is an integrated result due to the canopy architecture, plant density, wind speed and

vertical distribution of the spores. Apparently, spore escape into air is easier when the
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canopy is thin and open, with spores produced on the top of canopy and turbulent air

present. The experiment from Hirst and Stedman (1963) mimicked the spore dispersal by

using sugar beet pollen on wheat, which showed the efficiency of spore deposition and

the vertical distribution of spore numbers to be influenced by canopy density. Boudreau

and Madden (1995) proved that strawberry density affected spore dispersal of

Colletotrichum acutatum. In their research, the inoculum placed under the canopy of

plants produced much less deposition than the inoculum placed outside the canopy. This

probably was due to the reduced removal of spores from the source, since rain intensity

decreased under the canopy due to interception by leaves and stems. Aylor (1986)

described a model to estimate spores escaping from the canopy.

Sedimentation due to gravity, and impaction, governed by the inertia of the spores, are

the most important procedure regulating the deposition of spores onto plant surfaces

(Aylor 1978). The basic mechanisms governing deposition are well understood (Gregory

1973), but actual modeling of deposition procedures can be quite complex.

The first studies on the dispersal of airborne spores of M. pinodes were reported by

Hare and Walker (1945).In their study, although pycnidia \¡/ere present in the plots, no

conidia were detected on slides. However, after rainfall, as many as T29 and 8 ascospores

p"r c*2 were counted on slides exposed in the plots and 300 m from the plots,

respectively. Thus, they concluded that conidia apparently contributed only to the

localized spread of infection, while ascospores were important for the long range

dispersal of the pathogen.

To obtain information on actual concentrations of airborne inoculum at various

distances from a pea field, Carter and Moller (1961) in Australia operated two Hirst traps
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simultaneously at various distances from a pea field during irrigation. Ascospores were

counted during four successive 30-min periods, beginning almost immediately after the

start of irrigation. Concentrations of 3080 and 3 ascospores per mm3 air were detected

during the first 30 min at distances of 0 m and 387 m from the field, respectively.

Ascospore concentrations were highest during the first 30 min period at the inoculum

source and decreased in each successive period.

Studies by Carter and Moller (1961) indicated a diurnal periodicity of ascospore

release. Ascospore levels peaked in the late afternoon with a marked peak at 17:30 h.

Carter and Moller (1961) concluded that when viable pseudothecia are present in the

field, ascospore release is continuous, as long as the moisture is high.

Roger and Tivoli (I996a) reported that pycnidia were produced on both green and

senescent organs, while perithecia appeared only on senescent organs. The development

and quantity of pycnidia were related to the initial concentration and the physiological

stage of the plants. Pycnidiospore and ascospore discharge were initiated by rainfall or

dew. Pycnidiospores were principally trapped in the first 20 cm above the soil surface,

while ascospores were also trapped above the canopy. Pycnidiospores and ascospores

were dispersed throughout the growing season.

In a study in Netherlands, Kerling (19a9) found that perithecia of M. pinodes are

produced when plants with ripened pods begin to die back. Ascospores may be released

from perithecia on pea residues, which infect volunteer plants in the fall, overwintering as

the primary inoculum source for the next spring. Carter and Moller (1961) in Australia

found that ascospores in the air could be released from perithecia formed on pea residues

and senescent plant tissues of current pea crop after flowering. Perithecia produced on
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dead parts of growing pea plants are usually very abundant, while pycnidia are often

scarce in lesions (Hare and Walker 1945). Allard et al. (1992) observed that

pycnidiospore dispersal occurred only during rainfall and remained limited, while

ascospores could be transmitted and cause the secondary spread of disease.

2.9 Disease in time and space

The disease progress curve, which is the graph of disease intensity versus some

measure of time, represents the integration of host, pathogen, and environmental effects

occurring during an epidemic. It provides an opportunity to analyze, compare, and

understand plant disease epidemics (Zadoks and Schein 1979; Campbell and Madden

1990). From disease progress curves, various characteristics of epidemics can be

discerned. From each epidemic, the time of onset, initial amount of disease þ6), rate of

disease increase (r), area under the disease progress curve (AUDPC), shape of the curve,

maximum and final amount of disease, and overall duration of the epidemic can be

determined by interpretation of the progress curve, or can be estimated statistically

(Campbell and Madden 1990). In general, three distinct levels of analysis are possible

using disease progress curves. First, the most applied type of analysis is for gross

comparison among experimental treatments such as cultivars or a fungicide spray

schedule to evaluate strategies for disease management (Fry 1982;Berger 1977,1988);

second, changes in specific environmental factors, pathogen or host resistance within a

pathosystem cause changes in the epidemic that are expressed as alterations in the disease

progress curve (Campbell and Madden 1990); and, third, the level of analysis

corresponds to comparative epidemiology (Kranz 197 4; 1 98 8).
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Mathematical models have been extensively used to quantify and compare the effects

of different disease management practices to ultimately help growers make wise disease

management decisions. Five models frequently used to describe the disease progress

curve are monomolecular, exponential, logistic, Gompertz and linear models.

Expressions for integrated, absolute rate equations, and linearized forms of these models

have been well described by Campbell and Madden (i990). The selection of the most

appropriate models for describing temporal disease progress involves examining disease

progress, rate curves of both raw and transformed data sets, and then evaluating values

obtained for the coefficient of determination (,R2), mean square enor (MSE), standard

deviations of parameter estimates, and residual plot (Campbell and Madden 1990).

Disease or infection gradients are of two main kinds: (a) environmental gradients due

to variation across a field of such factors as ecoclimate or soil (these are compatible with

uniform or nonuniform distribution of inoculum over the whole area); and (b) dispersal

gradients due to spatial variation in the amount of inoculum arriving (these may occur in

conjunction with environmental gradients). Dispersal gradients result from various

factors which operate during the dispersal process, such as eddy diffusion, insect

movement, or death of the pathogen during transport (Gregory 1968; Zadoks and Schein

1979). Inoculum sources causing deposition gradients can be placed into three categories:

point sources, line source, and area sources. Gradients from a point source are generally

steeper than gradients from a line or area source of inoculum (Gregory 1968). Gradients

arising from splash-dispersed spores are often much steeper than those arising from wind-

dispersed spores over open ground and within crops (Stedman 1979: Stedman 1980).
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Practices for control by isolation from a source of inoculum depend on the

characteristics of dispersal gradients. More knowledge of these characteristics should

help to rationalize control by isolation (Gregory 1963). Roger et al. (1999b) developed

polynomial equations that could be used to predict the stages of infection, incubation,

latency and disease development of mycosphaerella blight as functions of temperature

and duration of moisture, under controlled conditions.

The mathematical analysis of a disease gradient is analogous to that of a disease

progress curves over time, except that the absolute rate of change in disease is expressed

as dy/ds, where s represents distance, rather than time. The change in rate is often referred

to as a disease gradient (Campbell and Madden 1990). Several simple mathematical

models have been used successfully to describe the gradient of disease from a source. All

of the models are functions of disease intensity, y expressed as a proportion; a rate

parameter, b, the steepness of the disease gradient; and s, the distance from the source.

These disease spread models have been well described by Campbell and Madden (1990).,

Mathematical models provide important information on spatial pattems of pathogen such

as direction and distance of spread, mobility and proximity of source of pathogen

(Reynolds et al. 1988), the pattern of initial inoculum, dispersal process, and infection

and production of secondary inoculum. However, these models do not take into account

information on the location of the sampling site. In particular, they cannot reflect the

relationship of dependency between neighboring sites, resulting in the loss of valuable

information (Larkin et al. 1995). Geostatistical analysis has been used to describe the

characteristics of spatial pattems of disease intensity or pathogen populations over time.

The method can be used particularly to detect the degree of dependency between
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neighboring sampling sites in disease spread (Chellemi et al. 1988; Lecoustre et al.1989;

Larkin et al. 1995). In geostatisticai analysis, semivariance is used to evaluate the spatial

dependence (Chellemi et al. 1988; Larken et aI.1995). Semivariance,y(h), is defined as

one half the average squared difference between pairs of sample data values separated by

a given lag distance (a distance between two samples) (Larkin et al. 1995). The

semivariogram is obtained by plotting semivariance versus lag distance, å. Semivariance

values that start out small and increase with increasing lag distance indicate spatially

dependent samples (Trangmar et al. 1985; Larkin et al. 1995). The lag distance at which

the semivariance approaches a constant value (sill) is called the range of spatial

dependence. Samples separated by distance less than the range are spatially related, while

those separated by distance greater than range are no longer spatially related. The point at

which the semivariogram crosses the Y axis is called the nugget variance. Differences in

slopes of individual semivariograms in different directions reveal the presence or absence

of anisotropic spatial dependence (Larkin et al. 1995, Trangmar et al. 1985). The

semivariogram in the direction of maximum variation will have the steepest slope,

whereas the semivariogram in the direction of minimum variation will have the lowest

slope (Trangmar et al. 1985). Geostatistical techniques can use random or structured

characteristics of spatially distributed variables to quantify spatial dependence. These

techniques require less strict assumptions compared with spatial autocorrelation

techniques (Larkn et al. 1995, Wu et al. 2000), and require only an assumption that

variance between samples is a function of the distance of separation (Lecoustre et

a1.1989). Besides recognizing the degree of spatial dependency of diseased plants or
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pathogen population, geostatistics can use scattered sampling sites to estimate the values

at any unsampled sites using the Kriging program (Trangmar et al. 1985).

2.10 Survival

Mycosphaerella pinodes is able to survive by means of mycelium, pycnidiospores,

chlamydospores or sclerotia on diseased host tissues in the soil (Sheridan and Dickinson

1968, Lawyer 1984). A wide range of pathogen survival periods in soil varying from a

short period to 20 years have been reported (Carter and Moller 1960, Wallen et aL. 1967).

Cruickshank (1952) observed that the pathogen survived a short period in the absence of

its hosts, meaning that survival period was related to host residues. Sheridan (1973)

showed that mycelium was capable of growing saprophytically on the host root in

competition with soil microflora at least for l8 months. Burial at either 15 or 25 cm

brought about a decrease in survival with time. Davidson et al. (1999), however, showed

that pea stubble placed at the soil surface or buried at 4 cm underground remained highly

infectious only during the first four months, but was not able to cause a significant

disease level on seedling crowns after four months (Davidson et al. 1999). In general,

survival of M. pinodes was greater in surface residues than in buried samples (Sheridan

1973; Davidson et al. 1999).

In general, the survival of pathogens in soil was affected by burial depths and

temperature and moisture of soil. Rhynchosporium secalís in barley survives for up to 30

wk at soil surface, but for 20 wk when buried 6 cm below soil surface (Mayfield and

Clare, 1984). Three Fusarium species inmaize, F. moniliforme, F. proliferatum, and F.

subglutinans, can survive at least 630 days in surface or buried residues and survival was
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greater from surface residues. Decline in their survival over time followed a linear pattern

in surface and buried residue (Cotten and Munkvold, 1998). Because residues in soil

decompose more rapidly than those on soil surface due to higher moisture, pathogen

survives longer on surface residues (Cotten and Munkvold 1998).

A study on survival of the pathogen is important for planning management strategies

for disease. This has been shown in other host-pathogen systems such as Fusarium ssp. in

maize (Cotten and Munkvold, 1998) and ^R. secalis in barley (Mayfield and Clare, 1984).

When diseased plants are left on the soil surface, or stored for long periods, M. pinodes is

capable of causing infection in subsequent crops (Walker & Hare 1943). Therefore,

Walker (1961) suggested that the disease would be reduced if an area was free from peas

for at least 5 years. Based on pathogen survival in diseased residues, Lawyer (1984)

suggested that sanitation is an effective management method of this disease, and pea

residues should be disked and plowed under immediately after harvest, before the

pathogen can be dispersed by wind and rain. However, Lawyer (1934) believed that crop

rotation in areas where pea is a major crop over years will not significantly reduce

infection caused by M.pinodes.

2.11 Disease management

To control mycosphaerella blight caused by diseased seeds, seeds should be produced

in dry areas. Using seed produced in dry areas is the best way to avoid seedborne

infection from M. pinodes (Lawyer, 1984). Seed treatment effectively reduces the

seedborne Ascochyta to nondamaging levels. Slurry of captan or thiram provides good

seed coverage and protection.
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In the absence of seed treatment, seeds shouid be held over when known to be

severely infected. The level of seed infestation has been shown to drop to one third of its

original level when seed is held for one year. A similar drop in infestation would be

expected with an additional year in storage. Infestation decreases faster at higher storage

temperatures than at lower ones (Lawyer 1984).

A study in France reported that chemical control measures aimed at limiting the

development of mycosphaerella blight are based on repeated protectant spray of

fungicides applied at 10-15-day intervals from flowering to preharvest, regardless of the

risk of infection (Chaillet et al. 1996; Roger et al. 1999a). However, Xue et al (1997)

reported that losses of yield caused by M. pinodes were affected by the timing of

inoculation, and more yield losses were caused by earlier infection, suggesting that

prevention of early infection by M. pinodes will provide the best economic return in a

mycosphaerella blight control program of field pea. In Canada, mancozeb, chlorothalonil,

and enomyl were effective in reducing severity of mycosphaerella blight, as well as

increasing yield and seed weight of field pea. Chlorothalonil has been registered for the

control of mycosphaerella blight (Warkentin et al.l996; Warkentin et a1.2000).

Pea refuse should be disked and plowed under immediately after harvest, before the

fungus can be generally dispersed by wind and rain. Crop rotation in areas where peas are

a major crop every year will not significantly reduce infection caused by M. pinodes

(Lawyer 1984).

Although seedborne inocula can be reduced or eradicated by fungicide seed treatment,

genetic resistance to seedbome infection would be the most effective and practical

method (Warkentin et aL.1995, Rashid et al. T996). No resistance to M. pinodes has been
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substantiated, although pea cultivars have been extensively screened for resistance

(Lawyer 1984; Xue et al.I997; Kraft et al 1998). However, even when severely infected

withM. pinodes, some cultivars yield creditably in the presence of the disease, whereas

others with an apparently equal level of infection produce poorly. Such differences in

tolerance have been of practical value on a regional level (Lawyer 1984).

2.12 Disease resistance of field pea

Evaluations of different pea genotypes for resistance to M. pinodes have been

conducted by different methods in a few studies (Xue et al. 1996; Kraft et al. 1998).

Frequently, the observable interaction between the host and the pathogen has been

classified as either resistant or susceptible based on an arbitrary cut off point within a

continuous distribution of responses (Buddenhagen 1981). In Australia, potential sources

of moderate resistance were identified in many lines, but no single source of resistance

was effective against all the pathotypes of M. pinodes (Ali et al. 1978). Therefore, the

practical approach in breeding for specific resistance will be either to combine the

sources of specific resistance genes derived from two or three cultivars or screen more

pea genotypes to look for a single source of resistance (Ali et al. 1978).

In Canada, Xue et al (1996) evaluated 135 pea genotypes for resistance to seedb orne M.

pinodes by examination of seed infection and seedling foliar infection. Of 1 3 5 genotypes,

seeds of 4 accessions (PI 1273605, PI193845, PII95023, and PI179449) were rarely

infected (<2%) screenings) and were considered resistant. Twelve accessions were

considered moderately resistant (2% to <5%).The remaining 119 genotypes were either

susceptible (5% to <10%) or highly susceptible (>10%). However, all of the 135
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genotypes were rated susceptible or highly susceptible to foliar infection by M. pinodes.

The percentage of infected seeds and the severity of foliar disease by M. pinodes were not

significantly correlated.

In New Zealand, Kraft et al. (1998) tested 2936 accessions of P¿sum sativum under field

conditions for resistance to M. pinodes. Disease was severe and ranged from 20 to l00o/o

foliar blight. Only 5 accessions were as resistant as the commercial cultivar Radley:

PII42441,PI142442, PI 381732,PI404221, and PI 413691. No accessions were more

resistant than Radley. There are many pathotypes existing in M. pinodes populations;

consequently, it may be necessary to incorporate several resistance genes for a cultivar to

exhibit field resistance to M. pinodes (Kraft et al. 1998). Clulow (1989) reported that

several wild accessions of P¿s¿rm sativum were resistant in controlled environment.

Currently, no genetic resistance or tolerance to M. pinodes has been developed in

commercial pea cultivars (Kraft et al. 1998; V/roth 1998). No single gene for a high level

of resistance fo M. pinodes has been found, despite extensive searches of the available

gene pool (Ali 1978; Xue et al 1996; Kraft et al. 1998). However, promising resistance

sources were found in exotic lines of pea germplasm (Matthews et al.1985)

At present, reliable tests for evaluations of cultivar reactions to M. pinodes are difficult

to design for several reasons (Sakar et al. 1982; Bretag 1991). First, timing of inoculation

with M. pinodes affects disease development, yield and seed infection differently, and

severity of seed infection did not correlate with foliar disease severity (Xue et al. 1997).

Second, searches for sources of resistance to mycosphaerella blight are traditionally

conducted by field screening, which depends mainly on proper timing of assessment of

disease severity on foliage (Ali-Khan et al. 1973). Peas become more susceptible as they
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mature, and thus seedling resistance to M. pinodes is not an indication of adult resistance

(Ali et al 1978;Lawyer 1984). Third, a study showed that resistance of stem or leaves of

pea seedling to M. pinodes was controlled by one or two genes or multigenes, and leaf

and stem resistance was controlled by different genes (Clulow et al. i991b). Fourth,

resistance appeared not to be consistent between field tests and tests under controlled

environmental conditions. Clulow (1989) identified, in controlled environments, high

levels of resistance to M. pinodes infection in a number of primitive pea genotypes.

However, field and glasshouse testing of two of the most resistant genotypes, JI 103 and

JI252, proved that Aushalian isolates were able to overcome or partially overcome this

form of resistance (Bretag 1991; Wroth 1998).

Because there are many pathotypes or possible physiological specialization existing in

M. pinodes population, it may be necessary to incorporate several resistance genes for a

cultivar to exhibit field resistance to M. pinodes (Kraft et al. 1998). A study from South

Australia reported that seedling infection is usually associated with heavy losses and

therefore seedling resistance is most desirable (Ali et al. 1978).

2.l3Yariation in virulence of pathogen

M. pinodes isolates have been differentiated into discrete groups of pathotypes based on

pathotype analyses. In South Australia, Ali et al. (1978) differentiated26 isolates into 15

pathotypes by reaction of the 58 pea lines to them, showing the existence of a large

number of local pathotypes of M. pinodes with considerable variation in virulence.

Preliminary tests comparing isolates of M. pinodes from geographically isoiated pea

growing areas in Australia suggested that there may be variability befween different
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pathotypes occurring in different regions (Bretag 1991). Nasir and Hoppe (1991) divided

50 single conidium-derived isolates into 6 pathotypes of M. pinodes using 15 pea

cultivars. Three races of M. pinodes were reported in Russia in 1938 and 5 in

Czechoslovakia in 197 4.

In Canada, twenty-two pathotypes of M. pinodes were identified from 275 single spore

isolates collected from diseased field pea plants in western Canada, based on their

virulence on 2I different pea genotypes (Bohatyr, Century, Danto, Fortune, JI103,

JI1089, JII74, JI181, II190, JI252, JI296, JI45, JI64, JI96, Majoret, Miko, Mpl164,

Radley, Ricardo, Triumph) (Xue et al. 1998). In this study, pathotype 1, which was

virulent on all 21 genotypes, was the most frequently detected and comprised most

isolates collected in Manitoba, Saskatchewan, and Alberta. Pathotype 1 represented,74.6-

96.6% of all collections in 1994-1996. Pathotype 2 was avirulent on cv. Danto and was

the second most frequently detected, comprising 15 isolates. The remaining 20

pathotypes were detected infrequently and comprised one to five isolates. Although

pathotype 1 was virulent on all pea genotypes, disease severity was significantly lower on

cultivars Danto, Majoret, Radley, and JI64 than on the other differentials. These

genotypes are considered moderately resistant to the disease and are useful sources of

resistance for breeding programs in western Canada.

Ninety-nine single ascospore isolates of M. pinodes from widely separated locations in

southem Australia varied greatly in their ability to cause disease in leaves and stems of

10 host genotypes (Wroth 1998). There were highly signif,rcant differences between the

infection pressures, isolates, and host genotypes. The continuous variation in disease

responses among isolates precluded classification into distinct pathotypes. A cluster
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analysis of the data revealed that many isolates were closely related irrespective of the

host cultivar or location from which they were collected. Increasing host resistance was

unlikely to increase variation in the pathogen population; therefore, resistance should be

relatively stable (Wroth 1998).

The characteristics of 50 isolates of M. pinodes, originating from several regions of

France, where ascochyta blight is prevalent, were investigated using cultural,

physioiogical, molecular and pathogenicity analyses (Onfroy et al. 1999). Virulence tests

gave no definitive evidence for the existence of pathotypes among the M. pinodes

isolates.

Nasir and Hoppe (i991) were unable to clearly identify pathotypes when they used a

high level of inoculum pressure in test procedures. They concluded that the interaction

was based on both differential differences in virulence and nondifferential differences in

aggressiveness.

2.14 NIolecular variation of the pathogen

There are many molecular techniques that can be used for assessment of molecular

variation in pathogens. Amplified fragment length pol¡rmorphic (AFLP) DNA is more

efficient in rapidly generating genotype data for large numbers of individuals, including

plants (Hill et al. 1996), bacteria (Janssen et aI. 1996) and fungi (Janssen et al. 1996,

Pongam et al. 1999). The number of AFLP polymorphic bands produced in a single

reaction is determined by the specificity of the restriction enzymes used to digest the

genomic DNA, the number and choice of selective nucleotides at the 3' end of the

restriction erzyme primers, and the size and complexity of the fungal genome being
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analyzed (Vos et al. 1995). Gonzâlez et al. (1998) demonstrated that four AFLP

combinations could generate band numbers four times more bands than ten primers of

random amplified polymorphic DNA (RAPD) and the number of polymorphic bands was

three times higher than that produced by the RAPD primers.

The development of molecular technology, such as PCR based methods, has provided

powerful tools for fungal diagnosis and taxonomy (McDonald, 1997; Bridge & Arora,

1998). Molecular markers have been used in the studies of Ascochyta blight complex on

field pea caused by three related species, Ascochyta pisi, M. pinodes and, Phoma

medicaginis var. pinodella. Ascochyta pisi was clearly distinguished from M. pinodes and

P. medicaginis var. pinodella using the markers of RAPD (Bouznad et al. 1995) and

restriction fragment length polymorphism (RFLP) of ribosomal DNA spacers (Faris

Mokaiesh et al. 1996). However, M. pinodes and P. medicaginis var. pinodella cotld not

be distinguished, although these genomic regions are usually variable enough to allow

discrimination between closely related species (Bridge & Arora, 1998). Onfroy et al.

(1999) distinguished M. pinodes and P. medicaginis var. pinodella usingRAPD markers

and demonstrated that the two species had low intraspecific variability in genetics.

The pathogenicity data alone may not reflect the true genetic variability and

evolutionary history of isolates studied. For example, isolates that are genetically distinct

may have similar or identical pathogenicity patterns because they have been subjected to

the same selection pressure by a common set of hosts. Molecular markers that are

selectively neutral and randomly distributed in the genome can provide additional useful

information on genetic variation of pathogen populations (Pongam et al. 1999).
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Studies showed that isolates of a pathogen species can be genetically clustered into

different geographical groups. For example, isolates of Mycosphaerella dearnessii,

causing brown spot needle blight on pine, were clustered into "northern group" and

"southern group" in the USA based on RAPD markers. This was probably as a result of

geographic isolation and subsequent adaptation to different climate conditions or hosts

(Huang et al. 1995). Phylogenetic analysis showed isolates of this pathogen from China

belonged to the southern group because pine seeds were imported from the southern

regions of the USA.

Only on rare occasions are all isolates originating from the same host genetically or

molecularly similar (Woo et al. 1998). In these cases, plants with different genotypes may

have a biological role in applying selection pressure on the pathogen. For example,

Gonziùez et al. (1998) found that a perfect correlation between genotype and pathotype of

Colletotrichum lindemuthianum on coÍrmon bean is seldom observed. However, a

correlation between the defined lineages and locations where isolates were collected

could be established. In their study, the isolates of C. lindemuthianum on coÍtmon bean,

regardless of pathogenicity, \Ã/ere geographically clustered in four subgroups. Isolates in

two subgroups from bush-type cultivars were clustered in one group and those from

climbing types in another group, suggesting the host selection directed geographic

distribution of isolates.

Talbot (1998) reported that in phylogenetic analysis of pathogens, higher complexity in

terms of lineage number was considered a consequence of a greater period of crop

cultivation, while limited number of these lineages was taken to reflect the limited period

of crop cultivation in a production area.
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There were a number of cases where a lineage contained two distinct pathotypes. Levy

et al. (1993) suggested that both distinct pathotypes might evolve from a recent common

ancestor. In contrast, a pathotype was composed of more than one lineage, possibly

indicating that convergent pathotype evolution might occur from genetically distinct

ancestors.

The unweighted pair-group method with arithmetic mean (I-IPGMA) as one of distance

matrix methods, is the commonest, simplest method for tree reconstruction in

phylogenetic analysis of pathogen genetic diversity Qrlei and Kumar 2000). The UpGMA

method employs a sequential clustering algorithm, in which topological relationships are

inferred in order of decreasing similarity and a phylogenetic tree is built in stepwise

manner. That is, the two individuals that are most similar to each other in distance are

first identified, and then treated as a new single composite operational taxonomic unit

(OTU). Subsequently, from the new group of OTUs, the pair with the highest similarity is

identified, and so on, until only two OTUs are left. In UPGMA method, the distance

between two composite OTUs is computed as the arithmetic mean of the pairwise

distances between the constituent individuals of the two composite OTUs. In general, the

distance between two clusters of OTUs x and y is calculated as:

D*, {dul(n*nr)
tJ

where the summation is over every i in cluster x and every j in cluster y and n* and ny are

the numbers of OTUs in x and y, respectively.
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Since a phylogenetic tree is usually constructed from a limited amount of data, a

bootstrap sampiing is used to examine the reliability of the tree obtained (Nei and Kumar

2000).

2.l5Interaction between pathogen and host

Mycosphaerella blight induced a premature water loss in hull and leaves, accelerated

seed desiccation and reduced seed weight. Biochemical analysis revealed a decline in

carbohydrate content and lower nitrogen remobilization in diseased leaves and hulls.

Thus, the disease altered carbohydrate metabolism, protein remobilization and free amino

acid translocation from these organs. Two major effects of disease on crop growth were

estimated by Shtienbery Q992): a decrease in the photosynthesizing leaf area and a

decreased efficiency of the remaining green leaf area. Mycosphaerella blight greatly

affected the net photosynthetic rate of pea plants with necrotic area on leaves. When 30-

40o/o of foliar areawas necrotic on whole plants, the photosynthetic rate was zero.

Pisatin is a major phytoalexin in pea that plays an important role against M. pinodes in

response to infection (Oku et al. 1980). However, production of pisatin is regulated by

the interaction between elicitor and suppressors from the pathogen or plants. Studies have

shown that pycnidiospore germination fluid of M. pinodes contains both a polysaccharide

elicitor (7 x I}a Da; Thanutong et al. 1982) and a glycopeptide suppressor (< 5 x 10s Da)

of the accumulation of pisatin (Shiraishi et al. 1994). The elicitor activates the

accumulation of PAL- and CHS-mRNA, which is followed by an increase in PAL

activity, activation of endochitinase and B-1,3-glucanase, Na* and K* ions in the

extracellular solution, and the biosynthesis of pisatin, but the concomitant presence of the
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suppressor with the elicitor inhibits or delays these defense responses in pea seedlings

(Yamada et al. 1989; ). The production of pisatin and defense responses were also

delayed by an "endogenous suppressor" from pea, which specifically suppresses the

accumulation of pisatin induced by treatment with CuClz or elicitor ftom M. pinodes, and

delays activity of PAL and CHS in pea plants that are induced by elicitor from M.

pinodes (Nasu et aI. 1992). Two suppressors, suppressor A (Mr, 452) and suppressor B

(Mr, 959) were identified, and their structures were determined by an analysis of amino

acid sequences (Shiraishi et al. 1992).

Dann and Deverall (2000) reported that inoculation of pea seedlings with an avirulent

Pseudomonas syringae pv. pisi or treatment with sprays of benzothiadiazole increased the

resistance of subsequent leaves 7 or 14 to challenge inoculation with M. pinodes.

Effective treatments enhanced the activity of B-1, 3-glucanase and chitinase in untreated

upper leaves six days later.
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CHAPER 3

SURVIVAL OF MYCOSPHAERELLA PINODES, THE CAUSAL AGENT OF

MYCOSPHAERELLA BLIGHT OF FIELD PEA IN MANITOBA

3.1 Abstract

The survival of Mycosphaerella pinodes was measured by testing spore concentrations

recovered from surface and buried leaf, stem and pod samples, and disease severity

caused by washing suspension. Spore concentrations and disease severity significantly

decreased over time in all leaf, stem and pod samples. In general, spore concentrations

did not decrease significantly in leaf and stem samples on the soil surface during the first

6 months after placement, or during the first 4 to 5 months in leaf and stem samples

buried at 5 and 10 cm, and during the first 4 months in surface pod samples and2 months

in buried pods. Disease severity, resulting from washing suspension, however, started to

decrease significantly after 2 to 4 months in surface leaf and stem samples, and 2 to 3

months when buried. In pod samples, higher disease severity was only caused by the

washing solution from samples retrieved during the first 2 months. Spores and disease

severity were recovered rarely from all leaf, stem and pod samples 8 months after burial,

except for a few surface leaf and stem samples. Decline in spore concentration and

disease severity over time, and the relationship between spore concentration and

corresponding disease severity followed a linear pattern in all surface and buried samples.

Compared with buried samples, significantly higher spore concentrations and disease

severity were caused by the wash solutions from surface samples at the field of

University of Manitoba, especially in the swface leaf samples, during the early and
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middle incubation periods. However, two depths (5 and 10 cm) had no significant

differences in decreasing spore concentrations and disease severity. In general, the

highest spore concentration and disease severity were caused by washing solutions from

the leaf samples at each of three depths at two experimental fields, and the lowest by

washing solutions from the pod samples.

3.2 Introduction

Field pea (Pisum sativum L.) is an important grain legume crop worldwide. Canada was

the world's largest producer and exporter of pea in 2000 (Gruener 2002).

Mycosphaerella blight, caused by Mycosphaerella pinodes, is widespread and the most

important disease in field pea in western Canada (Xue and Bumett 1994, Rashid et al.

1996).It is estimated that the disease reduces annual yield by 10/o on avetage, and field

trials showed that it was able to cause over 50olo of yieid loss (Wallen 1974, Xue et al.

1995).

M. pinodes is able to survive by means of mycelium, chlamydospores or sclerotia on

disease host tissues in the soit (Sheridan and Dickinson 1968, Lawyer 1984). A wide

range of pathogen survival periods in soil has been reported: the pathogen survives in soil

from a short period to 20 years (Carter and Mollar 1961, Wallen et al. 1967).

Cruickshank (1952) observed that the pathogen survived only a short period in the

absence of its hosts, indicating that survival period was related to host residues. Sheridan

(1973) showed that mycelium was capable of growing saprophytically on the host root in

competition with the normal soil microflora at least for 18 months. Davidson et al.

(1999), however, showed that pea stubble placed on the soil surface or buried at 4 cm
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undergtound remained highly infectious only during the frrst 4 months, but was not able

to cause a significant disease level on the seedling crown after four months. In general,

survival of M. pinodes in surface residues was greater than in buried samples (Sheridan

1973; Davidson et aL.1999).

Knowledge of the survival of the pathogen is important for formulating management

strategies of the diseases. This has been shown in other host-pathogen systems such as

Fusarium spp. in maize (Cotton and Munkvold, 1998), and Rhynchosporium secalis in

barley (Mayfield and Clare, 1984). When diseased plants are left on the soil surface, or

stored for long periods, M. pinodes is capable of causing infection in subsequent crops

(Walker & Hare 1943). Therefore, Walker (196i) suggested that the disease would be

reduced if an area was free from peas for at least 5 years. Based on pathogen survival in

diseased residues, Lawyer (19S4) suggested that sanitation is an effective management

method of this disease, and pea residues should be disked and plowed under immediately

after harvest, before the pathogen can be dispersed by wind and rain. However, Lawyer

(1984) believed that crop rotation in areas where pea is a major crop over many years will

not significantly reduce infection caused by M.pinodes. Wade (1951) reported that deep

burial of diseased residues enhanced the survival of the pathogen in soil.

Based on previous research, the survival periods vary in different countries, being 18

months in Ireland (Sheridan 1973) and only 4 months in Australia (Davidson et al. 1999).

The objectives of this research were to determine the duration of the survival of M.

pinodes in leaf, stem and pod residues at different soil depths in Manitoba.
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3.3 Materials and Methods

3.3.1 Sample collection and burial

Diseased leaf, stem and pod were used to test survival of M. pinodes on and in the

soil. On August 7, 1999, plant parts were collected from experimental fields where

mycosphaerella blight was developed by inoculating seedlings with a M. pinodes isolate.

The collected residues were stored at 3"C until burial. Intact leaves, pods and stem

segments (3 cm long) were placed in separate nylon mesh bags (10 x 10 cm). The sealed

bags were tied on plastic sticks at three heights, locating the bags at the soil surface, and

5 and 10 cm below the surface. At each height, there were three sealed bags, one

containing leaves, one stems, and one pods. The bags were buried in fields at the

University of Manitoba (fM) and at Agriculture and Agri-Food Canada, Morden

Research Centre (AAFC-MRC) in Manitoba on October 18, 1999, in a completely

randomized design.

3.3.2 Spore concentration test

Samples were retrieved at monthly intervals over a l2-month period. On each

sampling date, bags were collected randomly and rinsed under running water to remove

the soil. The samples were dried for I week at room temperature. The samples of the

same plant parts, collected from different bags at the same depth from the same field,

were pooled together, and 0.5 g of each plant part was weighed and placed into a 50-ml

sterile tube with 10 ml of sterile water. The samples were soaked, ground with a round-

tipped glass rod for 5 min, and then shaken for t h to dislodge the spores from fruiting

bodies in residues. The washing suspension was filtered though two layers of
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cheesecloth, and examined with a heamocytometer under the microscope (x 400

magnification) for total numbers of ascospores and pycnidiospores. Spore numbers in 10

fields of view were observed for each treatment. Mean spore concentration was

calculated as number of spores per ml.

3.3.3 Plant preparation and inoculation

AC Tamor, a susceptible field pea variety, was used for a bioassay in the greenhouse to

measure the viability of spores recovered from surface and buried leaf, stem and pod

samples. Eight seeds were sown in a 20-cm diameter plastic pot containing a mixture of

soil, sand and peat (2:2:l); four replicates were used for each treatment, thinned to 4

plants per pot prior to inoculation. Plants were placed in a growth room at 20'C with a

14-h photoperiod at a light intensity of 360 pmol m-2 s-r.

The spore concentration in the washing solution of each treatment was determined by

hemacytometer. The plants were inoculated at arate of 0.5-ml washing solution per plant

containing 0.05% Tween 20 (polyoxyethylene sorbitan), using a De Vilbiss Model 15

atomizer (The De Vilbiss Co., Somerset, Pennsylvania, USA) at the 4-6 node stage,

approximately 3 wk after seeding. After the inoculated plants were allowed to dry for 30

min, they were transferred to a humidity chamber covered by polythylene film. Humidity

in the chamber was maintained by the continuous operation of an ultrasonic humidifier.

Air temperature and humidity in the chamber were 20oC and 100% RH, respectively.

Plants were maintained in the chamber for 48 h, and subsequently retumed to the growth

room.
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3.3.4 Disease assessment and data analysis

The disease severity in leaves and stems was rated 10 days after inoculation, using a

0-5 scale modified from Nasir and Hoppe (199i) and Xue et al. (1998). Disease severity

on each plant was described as follows: 0, symptomless; 1, few small flecks on leaves; 2,

less than 20% of plant area coveredby lesions, but no symptoms on stem; 3, numerous

necrotic flecks and a few large lesions on leaves and stems, covering less than 50o/o of

plant area; 4,large, coalescing lesions on leaves and stems, covering more than 50Yo of

plant area with plants surviving; and 5, large, coalescing lesions on leaves, girdling

lesions on stems, and plant withering and dying.

Disease severity of the inoculated pea seedlings and the 1og transformation of spore

concentration were used for statistical analysis (SAS institute, Cary, NC) to detect any

effects of sampling times, depth and plant parts on the survival of M. pinodes.If the

ANOVA ,E test was significant, least significant difference (LSD) was used to compare

the differences between depths, plant parts, and samples at the two experimental fields.

Duncan's multiple range test (DMRT) was used to compare differences among spore

concentrations and disease severity over time. Relationship of time to the decrease of

spore concentration or disease severity, and relationship of spore concentrations to the

corresponding disease severity were analyzed by simple linear regression using SAS

(SAS instifute, Cary, NC).
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3.4 Results

3.4.1 Spore concentration and disease severity over time

Spore concentration and disease severity of plants inoculated with the washing

suspension decreased over the sampling period regardless of the experimental sites, plant

parts and burial depths (Figs. 3.1, 3.2, and 3.3). Spore concentrations obtained at 12

individual sampling periods had significant differences (P : 0.05) in the same plant part

buried at the same depth. In general, spore concentrations from surface leaves (MLO) or

surface stems (MSO) in the AÁFC-MRC field, or surface leaves (lll,0) in the UM field,

did not significantly decrease during the first 6 months after burial (before April 2000),

compared to the same plant parts that were buried at 5 and 10 cm (Table 3.1). Spore

concentration from surface stems (US0) in the IIM field started to significantly decrease

after 4 months (after February). In contrast, spore concentrations in the leaf and stem

residues buried at 5 and 10 cm in both fields (ML5, ML10, MS5, MS10, UL5, UL10,

US5 and US10) did not significantly decreased during first 4 to 5 months after burial

(Table 3.1). Spore concentrations, on the other hand, significantly decreased earlier in the

buried pod residues than in the other plant parts from similar depths. Spore concentration

in surface pod residues (UPO) started to significantly decrease after 4 months, while those

at 5 and 10 cm significantly decreased aft.er 2 months (after December) (Table 3.1). Four

months after burial (after February), many fewer spores were observed in the washing

solution of pod residues. After 8 months (June), spores were scarcely detected in all leaf,

stem and pod samples except for surface leaf and stem samples (ML0, MSO and ULO)

(Table 3.1).
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When plants were inoculated with the washing solutions of residues sampled in the

different months, significant differences in disease severity (P : 0.05) were observed

among samples over time (data not shown). Disease severity caused by the washing

solutions from all samples tested, significantly decreased over time. At the A.r{FC-MRC

field (Table 3.2), disease severity for the surface leaf (MLO) or surface stem (MSO)

samples were not significantly different during the first 4 months (until February), and

had significantly decreased by March. In general, similar levels of disease severity were

caused by solutions from buried leaves (ML5 and ML10) or stems (MS5 and MS10)

during the first three months, and then started to significantly decrease (Table 3.2).

However, disease severity for all leaf or stem samples at the tIM field (ULO, UL10, USg,

US5, and US10) except lIL5, were not significantly different during the first two months

(before January) (Table 3.2). Although significant differences in disease severity were

observed over time for pod samples at different depths, higher disease severity developed

only during the first two months. The washing solutions from pod samples collected after

February caused only scattered lesions on the inoculated plants (Table 3.2). Washing

solutions from most samples of the three plant parts only caused scattered disease after 8

months (after June).

Spore concentrations and disease severity produced by washing solutions from surface

or buried leaf, stem and pod samples decreased over time at both fields in a linear model

(Table 3.3). Linear models of different treatments were charactenzed by slopes,

intercepts and coefficients of determination (R') in Table 3.3. Coefficients of

determination for spore concentrations in ali treatments over time ranged from 0J9 to

0.93, and for disease severity over time from 0.72 to 0.92. The relationship of spore
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concentrations to coresponding disease severity in samples also fit the linear model, with

a tange of coefficients of determination from 0.69 to 0.91 (Table 3.3). Linear regression

slopes for spore concentrations over time in buried leaf samples (ML5, ML10, lIL5 and

UL10) were more negative than those for the surface samples (ML0 and MLl0). Stem

and pod samples did not exhibit this characteristic in spore concentrations (Table 3.3).

3.4.2 Spore concentration and disease severity at two experimental fields

The same treatments at the AAFC-MRC and tlM fields were compared for spore

concentration and disease severity. Significant differences befween spore concentrations

(Table 4.4) or disease severity (Table 3.5) were detected between the samples of the same

plant parts buried at the same depths in two fields (P : 0.05). Most of the same

treatments at both fields, such as MLO and ULO, ML5 and UL5, and MS5 and US5, were

not significantly different in spore concentrations on most of sampling dates. However,

spore concentrations between ML10 and UL10 from January to March, and those

between MSO and USO from January to April, were significantly different (Table 3.4). In

contrast, the washing solutions from samples at the AAFC-MRC and UM fields caused

signifrcantly different disease severity when plant seedlings were inoculated (Table 3.5).

The washing solutions from samples of leaf and stem residues at the Aú{FC-MRC field

resulted in significantly higher disease severity than the same treatments at the fIM field

mostly from December of 1999 to June of 2000. After June, few differences in disease

severity were detected between the same treatments at both fields, coinciding with the

analytical results of spore concentrations. In general, higher spore concentration and

disease severity were caused by washing solutions from the samples retrieved from the
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AAIìC-MRC field after the second month (December), compared with the same

treatments in the UM field (Tables 3.4 and 3.5).

3.4.3 Spore concentration and disease severity at different burial depths

'When the same plant parts buried at different depths in the same field were compared,

significant differences were observed in the recovered spore concentrations or disease

severity (P : 0.05). At rhe AAIìC-MRC field (Fig 3.tA), significanrly higher spore

concentrations were detected in the surface leaf samples (MLO) from the fifih month

(March) to the eleventh month (September). Although spore concentrations between the

leaf samples at 5 and 10 cm (ML5 and ML10) had significant differences in a few cases

over the sampling period, such as the samples collected in March or May, values of spore

concentrations alternated between samples at both depths, showing that two depths had

no difference in the reduction of spore concentration (Fig. 3.14). This pattern was also

observed between stem samples buried at 5 and 10 cm (MS5 and MS10) (Fig 3.1C). The

washing solutions from the surface leaf samples at the AAIIC-MRC field resulted in

significantly different disease severity in the inoculated plants at most sampling months,

especially from March to July (Fig 3.18), compared to those at 5 and 10 cm. However,

no significant differences in disease severity were observed between the leaf samples at

5- and 10-cm depths. The surface stem samples (MS0) at the AJUIC-MRC field showed

significant differences from the buried samples (MS5 and MS10) in spore concentrations

and disease severity only from February to April (Fig. 3.1D). The values of spore

concenfrations or values of corresponding disease severity between MS5 and MS10

altemated during the sampling period (Fig. 3.1 C and D).
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The results of the tIM field experiment differed from the results of the AJUIC-MRC

field. Spore concentration and disease severity caused by surface leaf samples were

higher at the llM field than those by leaf samples buried at 5 and 10 cm through the

sampling period. However, significant differences in spore concentrations or disease

severity were observed in leaf samples at different depths only on a few sampling dates

(Fig 3.24 and B). Significant differences of spore concentrations were observed in a few

instances during the sampling period among the stem samples placed at three soil depths

at the UM field (USO, US5 and US10) (Fig. 3.2C). However, the washing solutions from

the surface stem samples caused significantly higher disease severity in plants from

February to May compared with the washing solutions from the stem samples retrieved

from 5 and i0 cm depths (Fig. 3.2D). Although disease severity caused by the stem

samples at 5 and 10-cm was also significantly different in a few cases during this

sampling period, the values of disease severity alternated befween these two depths (Fig.

3.2D). Spore concentrations recovered from pod samples at three depths (IIPQ, UP5 and

UP10) did not exhibit any significant differences throughout the whole sampling period

(Fig. 3.34), but significant differences in the corresponding disease severity were

produced by surface pod samples in January and February Gig. 3.38).

3.4.4 spore concentration and disease severity in different plant parts

Three types of pea plant parts were tested for differences in spore concentrations (Table

3.6) and disease severity (Table 3.7). In general, the highest spore concentration and

disease severity were produced by leaf samples at each of three depths at both f,relds, and

the lowest by pod samples (Tables 3.6 and3.7). At the A,r{IC-MRC field, when different
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plant parts at the same depth were compared, leaf samples at three depths (MLO, ML5

and ML10) produced significantly higher spore concentrations than stem samples (MS0,

MS5 and MS10) during the first five to six months (Table 3.6). The washing solutions

from leaf samples also caused significantly higher disease severity than those stem

samples during the first seven to nine months (Table 3.7). The period during which

significant levels of disease severity were produced seemed to change with depth, being

longer for surface samples (Table 3.7). At the tIM field, spore concentrations were

significantly different among the leaf, stem and pod samples at the same burial depth

before May or July (Table 3.6), but spore concentrations recovered from the leaf and

stem samples at 1O-cm depth (UL10 and US10) were not significantly different in most

cases (Table 3.6). Disease severity caused by the leaf and stem samples was significantly

higher than that by the pod samples at the same depth (Table 3.7).In many cases, leaf

samples caused significantly higher disease severity than stem samples at the same depth

during early and middle sampling periods. After the ninth month (July), significant

differences in spore concentration and disease severity were rarely observed among all

treatments (Tables 3.6 and 3.7).In general, leaf samples, regardless of burial depths and

location, had the highest slopes in spore concentrations and disease severity, while pod

samples had the lowest slopes. In stem samples, the surface samples had the highest

slopes in disease severity (Table 3.3).

3.5 Discussion

In our study, the survival of M. pinodes decreased over the sampling period regardless

of burial depth, plant parts and the experimental sites. This finding was continuent with
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the results reported in the studies of M. pinodes survival by Sheridan (1973) and

Davidson et al (1999). However, our survival period differed from the previous studies.

Wallen et al. (1967) isolated the pathogen from soil that had not been sown with peas for

20 years. Sheridan (1973) reported that infectious mycelia of M. pinodes were detected in

host residues on the soil or those buried at i5 or 25 cm as late as 18 months after burial.

Davidson et al. (1999) reported that residues placed on or in soil remained high in

infectivity during the first four months, but did not cause a significant level of disease

after four months. Our results showed that significant levels of spore concentrations and

disease severity could be detected during the first eight months, although both spore

concentration and disease severity decreased over time during this period. The variation

in periods of pathogen survival in different studies might be caused by different test

methods, different forms of pathogen tested, and environmental conditions.

Temperature and moisture are factors limiting the survival period of pathogen in soil.

This has been reported for other pathogens (Mayfield and Clare, 1984, Cotton and

Munkvold 1998), where the host residues decomposed quickly under high soil moisture.

Survival period of M. pinodes is shortened in the absence of its hosts (Cruickshank,

1952). This suggests that the survival period is related to the decomposition of host

residues in the soil. We observed that spore concentration and corresponding disease

severity decreased rapidly after the second month (December) in residues from the UM

field, while they started to decrease rapidly after the fourth month (February) in the

samples at the AAIìC-MRC field. At both fields, all experimental factors were the same

except for the soil environmental conditions such as temperature, amount of snow and

moisfure. There was much more snow during winter, and the soil was much wetter at the
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tIM field than at the AAIìC-MRC field during the early sampling period, especially

between February and May, although we did not test the field water capacity in both

fields. Soil temperature under snow at the llM field was higher so that pea seeds

germinated during February. Therefore, the differences in spore concentration and thus

the differences in disease severity might be caused by different degrees of decomposition

of residues in different moisture regimes at both fields. Unlike the leaf samples at the

AÁI]C-MRC field, we did not observe many significant differences in spore

concentrations and disease severity among the leaf samples at the different soil depths at

the UM f,reld. This might be caused by early decomposition of leaf residues at the

different depths under warrner and wetter soil conditions at the llM field. However, a

previous study by Davidson et al. (1999) showed that a reduction in the soil water

capacity to 30o/o of field capacity did not affect the infectivity of stubble. Sheridan (1973)

indicated that temperature did not influence the rate of residue decay. Further work on

these aspects needs to be undertaken.

In general, spore concentration and disease severity produced by samples placed on the

soil surface remained higher than samples buried at 5 or 10 cm in early and middle

sampling periods in this study, indicating the pathogen survives better on the soil surface

rather than in the soil. Surface residues typically were dry when collected, while buried

residues were always wet and decomposed rapidly. The decomposition of surface

residues was probably limited by lack of moisture. Therefore, surface residues carried

more spores than buried residues, resulting in higher disease severity. The effect of

residue decomposition due to moisture on the pathogen survival was particularly

observed in the stem samples at the UM field. For example, although few differences of
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spore concentrations between the surface and buried stem samples at the IJM field were

observed over the sampling periods (Fig. 2C), significant differences in disease severity

between the surface and buried stem samples were detected from January to April (Fig.

2D). This suggests that the pathogen viability decreased in the soil due to the

decomposition of residues. The same observations were reported in survival studies on

Fusarium spp. in maize stalk residues (Cotton and Munkvold, 1998), and

Rhynchosporium secalis in barley (Mayfield and Clare, 1984).

In our study, spore concentrations and disease severity in many treatments were not

detected at significant levels after eight months. However, this does not mean that the

pathogen has disappeared from the soil. As reported earlier, the pathogen is able to

survive in the soil as chlamydospores, sclerotia or thick-walled mycelium for a longer

time (Sheridan and Dickinson, 1968, Lawyer, 1984). These structures may cause foot rot

by colonizing roots in competition with the normal soil microflora, although leaf spots

may not be caused. This suggests that crop rotation would be useful to manage the

disease.

Significant differences in spore concentration and disease severity were observed

among the three different plant parts. These differences may be related to varying amount

of initial spores in these three parts. When residues were collected, it was observed that

lesions were produced most on leaves and least on pods. This was consistent with the

finding that, in the samples buried at the same depth, the highest spore concentrations

were abtained from leaf samples, and the lowest from pod samples.

In our research, we focused on the investigation of viability of spores in fruiting bodies

in residues. We observed that spores from most samples rarely caused lesions after 8
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months in inoculated plants. This suggests that spores in residues in the field will be the

primary infection source for next season, but they will not be a major inoculum source for

disease epidemics in the third year. Therefore, one-year fallow after pea orrotation with

other crops in certain production areas would greatly reduce the amount of inoculum. In

addition, because more spores and disease severity were derived from surface residue

samples, some agricultural practices such as plowing surfaceresidues under or cleaning

pea residues from the field would be effective for managementof mycospharella blight

for the next season.



Table 3.1. Mean spore concentrations in leaf, stem and pod samples buried at different soil depths over a twelve month sampling
periodu.

MLO
ML5
MLlO
MSO

MS5
MSlO
ULO

UL5
ULIO
USO

US5
USIO
UPO

UP5
UPlO

Nov
13.la
14.0a

13.9a

12.8a

12.5a

12.6a

14.0a

13.9a

14.0a

12.3a

I 1.0a

12.7a

10.6a

10.5a

I 1.5a

Dec

14.0a

14.0a

13.6a

1 1.5a

12.4a

12.4a

14.0a

13.9a

13.9a

12.6a

12.8a

12.9a

9.5ab

10.6a

9.5a

Jan

13.1a

14.0a

14.la
12.7a

12.6a

12.6a

13.5a

13.la
13.2a

11.8a

9.6ab

l0.9ab
7.8ab

4.6bc
6.5b

Feb

13.7a l2.4ab 1l.9ab
13.5a 11.5b l1.Obc
13.3a 12.0a 9.2b
12.0a 11.5a 11.6a

11.1a 9.0b 7.2bc
11.3ab 10.1ab 9.3b
13.6a ll.2ab 11.3ab

13.4a 10.4b 10.1b

11.7 ab 7.8cd 9.4bc
I 1.Oab 9.1bc 8.1cd
9.5ab 6.1bc 5.8c
8.7bcd 9.6bc 7.5cd
6.9bc 2.1de 3.8cd
6.5b 2.lcd 2.8cd
2.8c 2.lc 2.8c

"Entry values : ln transformed spore concentrations; and the values in a row followed by the same letter were not signifìcantly
different (DMRT, P : 0.05).

bML and MS: leaf and stem samples in the AAFC-MRC field, respectively; UL, US and UP: leaf, stem and pod samples in the
UM f,reld, respectively; and 0, 5 and 10: soil depth in cm.

Mar Ma
11.2b

9.4c

5.9c
8.sb

5.6c
2.td
9.4bc

8.1c

6.7d

7.lcd
6.9bc

6.6d
2.8de

2.9cd

Jun

10.4b

5.7d
4.8c

5.9c

2.8d

1.8d

7.lcd
2.8d

5.8d

8.1 cd

4.8c 2.8c 2.8c 0.0c
0.0e 0.9e 0.0e 0.0e
0.0d 0.0d 0.0d 0.0d
2.8d 0.0d 0.0d 0.0d
0.0e 0.0e 0.9d e 0.0e
4.6c 0.9d 0.0d 0.0d
6.6d 2.8e 1.0e 0.0e
0.0e 0.0e 0.0e 0.0e
0.0e 0.0e 0.0e 0.0e
0.0e 0.9e 0.0e 0.0e

sep

3.8c 0.0d 0.0d 0.0e 0.0e
7.9cd 0.0e 0.0e 0.0e 0.0e
1.8de 0.0e 0.0e 0.0e 0.0e
Z]cd 0.0e 0.0e 0.0e 0.0e
0.9c 0.0c 0.0c 0.0c 0.0c

Oct

(^
l.J



Table 3.2. Mean di
Sample

MLO 4.5a 4.8a
ML5 4.2a 4.4a 4.2a 3.5b 2.0c 1.4d 1.3d 1.1d 0.3e 0.5e 0.1e 0.0e
MLIO 3.6b 4.2a 4.5a 4.0ab 2.3c l.]d l.3d O.le 0.4ef 0.5ef 0.0f 0.0f
MSO 3.8a 3.7a 3.8a 3.7a 2.4b 1.6c 0.9d 0.3e 0.3e 0.3e 0.0e 0.0e
MS5 3.6a 3.1b 4.0a 1.8c l.2d 0.3ef 0.6e 0.6e 0.0f 0.tf 0.0e 0.0e
MS10 3.2a 3.0a 3.5a 1.2bc l.4b 0.8cdf 0.9cd 0.5def 0.4def 0.1f 0.3ef 0.0e
uLO 4.6a 4.la 3.3b 3.2b 1.4c l.1cd 1.0d 1.0d 0.8d 0.1e 0.2e 0.0e
uL5 4.8a 4.3b 2.8c 2.8c 1.0d 0.8de 0.9de 0.6ef 0.3fg 0.0g 0.0g 0.0g
ul-lO 4.2a 4.4a 3.0b 2.5c lde 1.3d 0.9e 0.2f 0.0f 0.0f 0.0f 0.0f
uPO 2.5b 3.0a 1.7c 1.4c 0.8d 0.6de 0.5def 0.0g 0.1fg 0.2efg 0.0g 0.0g
uP5 3.0a 2.9a l.zb 0.7c 0.8c 0.4d O.lc 0.0e 0.1e 0.0e 0.0e 0.0e
uP10 2.4b 2.8a 1.0c 1.0c 0.3d 0d 0.0d 0.0d 0.0d 0.0d 0.0d 0.0d
USO 4.0a 4.2a 2.9b 2.5b 1.5c 0.9d 1.0d 0.5e 0.3ef 0.3ef 0.0f 0.3f
US5 3.5a 3.8a z.lb 2.0b 0.4cd 0.1d 0.7d 0.7d 0.0d o.2d 0.1d 0.3cd
us10 3.8a 4.0a 4.0a 1.3b 0.8c 0.5c 0.6c 0.7c 0.0d 0.0d 0.rd 0.0d
"Entry values : disease severity; and the values in a row followed by the same letter were not significantly different (DMRT,
P: 0.0s).
bSample names were the same as described in Table 1.

Nov Dec Jan

caused

4.4a 4.6a 3.6b 2.5c 2.2acd 1.8d 1.0e 0.5f 1.0e 0.0e

was

Feb

solutions of lea

Mar A
f.s tem and

m

S

Jun Jul Au
les buried at different soil de

S t Oct

(¡
(})



Table 3.3 Linear regression analysis results for spore concentration, disease severity over time, and relationship between spore
concenfrations and corresponding diseas,e severity in different plant parts at tluee burial depths.

Spore VS monthb S.u".itY
Su-pl"r"

MLO
ML5
MLIO
MSO

MS5
MSlO
ULO

UL5
ULlO
USO

US5
USlO
UPO

UP5
UPlO

-1.33

- 1.60

- 1.63

-1.36

-r.43
-r.39
-1.38

-1.62

- 1.53

- 1.33

-r.2s
-1.33

-1.02
-0.95

-0.96

17.9

18.2

17.8

16.3

15.5

15.5

r7.7
17.6

16.8

15.2

t3.6
15.1

r0.4
9.8

9.4

0.86 -0.44

0.90 -0.44

0.92 -0.45

0.88 -0.42

0.93 -0.36

0.88 -0.31

0.93 -0.44

0.91 -0.43

0.93 -0.42
0.89 -0.39

0.92 -0.32
0.89 -0.36

0.88 -0.26

0.81 -0.2s

0.79 -0.25
usample names were the same as described in Table l.
blinear models for describing the decline of spore concentrations (ln values) in each h'eatnent over the sampling months.
"Linear models for describing the decline of disease severity in each tl'eatrnent over the sampling months.dlinear models for describing the relationship between spore concentrations and correspondingãir.ur" severiry.

5.49

4.80

4.83

4.46

3.62

3.3 0

4.65

4.32

4.t6
4.03

3.20

3.52
2.59

2.42

2.42

0.92

0.90

0.88

0.90

0.78

0.81

0;88

0.84

0.86

0.86

0.11

0.77

0.82

0.72

0.72

0.29

0.25

0.27

0.27

0.24

0.20

0.28

0.24

0.26

0.26

0.2s

0.24

0.25

0.26

0.24

-0.05

-0.04

-0.02
-0.33

-0.26

-0.03

-0.66
-0.19

-0.36
-0.23

-0.23
-0.34

-0.06

-0.12

-0.13

R2

0.82

0.81

0.90

0.19

0.11

0.71

0.72

0.72

0.84

0.77

0.12

0.69

0.91

0.87

0.87

LlrÞ



Table 3.4.
Samples

MLO
ULO

ML5
UL5

MLIO
ULIO

MSO

USO

Nov
son of mean

13.7a 14.0a

14.0a 14.9a

Dec

14.0a 14.0a

13.9a 13.9a

13.9a 13.6a

14.0a 13.9a

12.8a I2.6a
12.3a 11.2a

re concentrations between the same
Jan Feb Mar Apr
13.7a 13.7a 12.4a 9.2a
13.5a 13 .6a ll .2b 1 1 .3a

MS5
US5

14.0a

3.lb

14.1a

13. lb

MS10 12.6a 12.4b 12.6a 11.3a 10.1a 9.3a 2.1b 1.8b 4.6a
US10 12.7a 12.9a 10.9b 8.6b 9.6a 7 .5a 6.1b 7 .9a 0.0b

12.5a

11.0a

oEntry values : l¡ transformed spore concentrations, and the pair values in a column followed by the same

13.5a

13.4a

.signiflrcantly different (LSD, P = 0.05).
o Sample names were the same as described in Table 1.

12.8a

12.4a

12.1a

11.8b

13.3a

tt.7b

12.0a

10.9b

1 1.5a

10.4b

12.0a

I 1.lb

1 1.5a

9.lb

air treatments in AAFC-MRC and UM fieldso.

12.6a

9.6b

May Jun Jul Aug

11a

10.1a

9.4a

9.2a

I 1.6a

6.0b

5.9a 5.8a 4.8a 2.8a
9.3a Lla 6.5a 2.8a

tt.7 a

9.5a

9.4a
6.la

6.7a
5.9a

9.0a 7.2a
6.1a 5.7a

5.8a

2.8a

5.8a

4.8a

8.5a 8.1a

1.1a 5.9a

0.0a

0.0a

0.0a

0.0a

6.8a

5.6a

Sept

0.0a

0.0a

0.0a

0.0a

0.9a

0.9a

0.0a

0.0a

0.9a
0.0a

2.8a

1.0a

2.8a

3.8a

2.8a

0.0a

0.0a

0.0a

0.0a

0.0a

0.0a

0.0a

0.0a

0.0a

0.0a

0.0a

0.0a

0.0a

letter were not

(^
(^



Table 3

MLO
ULO

ML5
UL5

MLlO
ULlO

MSO

USO

MS5
US5

le Nov
rison of mean disease severi

4.5a

4.6a

4.2a

4.8a

Dec Jan

4.8a 4.4a

4.7a 3.3b

3.0b

4.2a

3.0a
3.8a

4.4a

4.3a

between the same

4.2b

4.4a

3.5b
4.2a

3.la
3.8a

Feb Mar

4.2a
2.8b

MS10 3.2a 3.0b 3.5b I.2a l.4a 0.8a 0.9a 0.5a 0.4a 0.ta
US10 3.8a 4.0a 4.0a 1.3a 0.8b 0.5a 0.6a O.ia 0.0a 0.0a

4.6a 3.6a

3.2b 1.4b

3,6a

3.5a

uEntry values : disease severity; and the pair values in a column followed by the same letter were not significantiy

4.5a

3.0b

3.8a
2.9b

P:0.05).
bSample íu*., *.., the same as described in Table 1.

3.5a
2.8b

air treatments in AAFC-MRC and UM fieldso.

Apr May Jun Jul Au

4.0a

2.5b

3.7a

2.5b

1.8b

2.0a

2.0a

1.0b

2.3a

l.0b

2.5a 2.2a 1.8a 1.0a 0.5a
1.1b l.Ob 1.0b 0.8a O.la

4.0a

2,lb

1.4a

0.8b

2.4a

1.5b

l;7a
1.3b

l.6a
0.9b

1.3a

0.9b

1.2a

0.4b

l.3a
0.9b

1.1a

0.6b

0.7a

0.2b

0.5a

0.3a

0.3a 0.6a 0.6a
0.1b 0.2b 0.7a

1.0a

0.9a

0.3a

0.3a

0.4a

0.0a

0.5a

0.0a

1.0a

0.0b

t

0.3a

0.0a

0.0a

0.0a

0.5a

0.0a

0.3a

0.3a

0. 1a

0.0a

0.0a

0.0a

0.1a

0.2b

0.0a

0.0a

0.0a
0.1a

0.3a
0.1a

different (LSD,

(^
o\



Table 3. 6. Comparison of mean spore concenhations between or among the different plant parts at the same burial depth in the
same fields".
Sampleo Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sept
MLO 13.7a 14.0a 13.7a 13.7a 12.4a ll.9a ll.2a r0.4a 4.8a 2.Ba 2.Ba
MSO 12.8b ll.2b r2.7b 12.0b 11.5b 11.6a 8.5a 5.8b 2.8a 0.9a 0.0a

ML5 14.0a 14.0a 14.0a 13.5a 11.5a 11.0a 9.4a 5.8a 0.0a 0.9a 0.9a
MS5 12.5b 12.4b 12.0b ll.7b 9.0b 7.2b 5.7a 2.8a 0.0a 0.0a 0.0a

ML10 13.9a 13.6a 14.1a 13.3a 12.0a 9.3a 5.9a 4.8a 4.6a 0.9a 0.0a
MS10 12.6b 12.4b 12.6b 11.4b 10.1b 9.2a 2.1a 1.8a 0.0a 0.0a 0.0a

uLO 14.0a 14.0a 13.5a 13.6a ll.2a 11.3a 9.4a 8.1a 6.6a 2.Ba 1.0a
usO l23ab 12.6a I l.8a 1 1.0b 9.1a 6.0b 7 .la 7 .ta 0.0b 0.9a 0.0a
uPO 10.6b 9.5b 7.8b 6.9c z.tb 3.8b 2.8b 1.8b 0.0b 0.0a 0.0a

uL5 13.9a 14.0a 13.1a 13.4a 10.4a 10.1a 8.1a 2.8a 0.0a 0.0a 0.0a
US5 11.0b 12.6a 9.6b 9.5b 6.1b 5.8b 6.9ab 3.8a 0.0a 0.0a 0.0a
uP5 10.5b 10.6b 4.6c 6.5c 2.rc 2.8b 2.9b 2.8a 0.0a 0.0a 0.0a

ul-lO 14.0a 13.9a 13.2a 11.1a 9.6a 9.4a 6.1a 7.9a 0.0a 0.0a 0.0a
us10 12.7b 12.9a 10.9a 8.7b 7 .7a 7.5a 6.6a 5.8a 0.0a 0.0a 0.0a
uP10 1 1.5c 9.5b 6.5b 2.8c 2.1b 2.8b 1.9b 0.9b 0.0a 0.0a 0.0a
'Entry values = ln transformed spore concentrations, and the pair or triple values in a column followed by the same letter

. 
were not significantly different (LSD, P : 0.05).

o Sample names rffere the same as described in Table 1.
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Tâble 3;7. Comparison of mean disease severity among the different plant parts at the same burial depth in the same fìeldso.
sample' Nov Dec Jan Feb Mar Apr May Jun Jul Aug sept oct

Ã^ on^
MSO 3.8b 3.5b 3.7b 3.7b 2.4b l.6b 0.9b 0.3b 0.3b 0.3a 0.0b 0.0a

ML5
MS5

MLIO
MSlO

ULO

USO

UPO

4.2a

3.6a

3.6a

3.2a

4.6a

4.0a

2.5b

4.4a

3.1b

UL5 4.8a 4.3a 2.8a 1.0b 1.0a 0.8a 0.9a 0.6a
US5 3.5b 3.8a z.lb 2.0a 0.4b O.lc 0.2b O.ia
UP5 3.0b 2.9b 1.2c 0.1c 0.8a 0.4b 0.7a 0.0a

UL10 4.2a 4.4a 3.0b 2.5a 1.0a t.3a 0.9a 0.2b
US10 3.8a 4.0a 4.0a 1.3b 0.8a 0.5b 0.6b O.ta
UP10 2.4b 2.8b 1.0b 1.0b 0.3b 0.0c 0.0c 0.0b

4.2a

3.0b

4.2a

4.0a

4.7a

4.2b

3.0c

4.5a

3.sb

3.3a

2.9a

t.7b

3.5a

1.8b

4.0a

1.2b

3.2a

2.5b

1.4c

2.0a

1.2b

2.3a

t.4b

1.5a

t.4a
0.8b

oEntÐ¡ values : disease severify; and the pair or triple values in a column followed by the

. different (LSD, P: 0.05).
bsample names were the same as described in Table 1.

1.4a

0.3b

l.1a
0.8b

l.3a
0.6b

1.3a

0.9b

1.1a 1.0a

0.9ab 1.0a

0.6b 0.5b

1.1a

0.6b

0.la
0.5a

1.0a

0.6b

0.0c

0.3a

0.0a

0.4a

0.4a

0.8a

0.1b

0.0b

0.5a
0.1a

0.5a

0. 1a

0.3a

0.2a

0.1a

0.1a

0.0a

0.3a

0.0a

0.2a

0.0a

0.0a

0.0a

0.0a

0.0a

0.0a

0.3a

0.0a

0.0a

0.3a 0.6a 0.0a 0.0a
0.0a 0.2a 0.1a 0.0a
0.1a 0.0b 0.0a 0.0a

0.0a 0.0a 0.0a 0.0a
0.0a 0.0a 0. la 0. la
0.0a 0.0a 0.0a 0.0a

same letter were not signif,rcantly

(^
oo



15

12ï
E
ee
tn
E6
o
o.
Ø

15

12

>ocooctzCl-t
Sampling months Sampting month

Fig.3.1. Decli¡e of spore concentrations and disease severity at differentburial depths in soil during 12 months in
the AAFC-MRC field. A, spore concentrations in surface leaf sample (ML0) and leaf samples buried at 5 cm (ML5)
and 10 cm (ML10); B, disease severity caused by washing solutions of leaf samples (MLO, ML5 and ML10); C,
spore concentrations in surface stem sample (MS0) and stem samples buried at 5 cm (MS5) and 10 cm (MS10); and
D, disease severity caused by washing solutions of stem samples (MSO, MS5 and MSl0).
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surface stem sample (USO) and stem samples buried at 5 cm (US5) and 10 cm (USIO); and D, disease severity
caused by stem samples (US0, US5 and US10).
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CHAPTER 4

DAILY AND SEASONAL DYNAMICS OF SPORE RELEASE BY

MYCOSPHAERELLA PINODES AND DEVELOPMENT OF

MYCOSPHAERELLA BLIGHT OF FIELD PEA

4.1 Abstract

Daily and seasonal dynamics of spore release of Mycosphaerella pinodes and the

relationship of spore dispersal with distance and disease severity were investigated in a

pea field in western Canada during two consecutive years. Most ascospores were released

in response to rain events, during the first 23 to 27 days after a 6 x 6-m central area of the

field was inoculated with diseased residue, while most pycnidiospores were trapped

during the first 20 days. For both ascospores and pycnidiospores, the highest peaks of

spore release appeared during the first 14-20 days after inoculation. Few spores were

trapped after day 2l when the central area was inoculated. The daily peaks of ascospore

and pycnidiospore release occurred between i700 h and 400 h. Most ascospores were

released I to 2 days after a rain event and the largest peak appeared the f,rrst day after

rain. By contrast, most pycnidiospores were released on the same day as rain occurred or

on the following day. The release of two spore types was associated with rainfall events >

2mm during the first 27 days after inoculation, but not positively associated with rainfall

events after 27 days. Disease severity decreased with increasing distance from the

inoculum source. Ascospore density was negatively correlated with distance from the

inoculum source (r S-0.92, P < 0.05) and positively related to the disease severity (r >

0.92 andP < 0.05).
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4.2lntroduction

Mycosphaerella blight, caused by Mycosphaerella pinodes (Berk &. Bloxam)

Vestergren, is the most important disease of field pea (Pisam sativum L.) in western

Canada (Rashid et al. 1996; Xue et al. 1996). Average yield losses caused by the disease

in western Canada were estimated at I0%o, and losses > 50yo have been reported (Xue et

al. 1995). The pathogen produces perithecia in its sexual stage, discharging wind-borne

ascospores, and pycnidia in the asexual stage containing splash-dispersed pycnidiospores

(Gregory et al 1959; Lawyer 1984). Both pycnidiospores splashed by rain and ascospores

borne by wind are the primary sources for inoculum in the field (Lawyer 1984). The

disease, when caused by air-borne ascospores, may distribute in a f,reld over a large area.

Pycnidiospores, on the other hand, result in a more localized disease. Even when large

numbers of pycnidiospores are released during rainfall, most will be splashed locally onto

the lower leaves, causing alocahzeddisease pattern (Lawyer 1984). The disease develops

rapidly during periods of wet weather and moderate temperature (Roger et al. I999a;

Wallen 1974).

Previous studies under controlled conditions demonstrated that temperature and

moisture significantly affect pycnidial formation and spore germination of M. pinodes

(Roger and Tivili 1996a).In the field, these fruiting bodies are formed first at the base of

the plant and then progressively upwards (Roger and Tivili I996a). In a greenhouse

study, longer wetting periods were required for pycnidial formation when temperature

was unfavorable for pycnidial formation (Roger and Tivili 1996b). A study in the

Netherlands (Kerling 1949) showed that perithecia of M. pinodes are produced when

plants with ripened pods begin to senesce. Ascospores may be discharged from perithecia
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on pea residues and infect volunteer plants in the fall, and overwinter to become the

primary source of inoculum in the subsequent spring (Kerling 1949). A study in Australia

(Carter and Moller 1961) demonstrated that ascospores in the air can be released from

perithecia in residue and senescent plant tissues of the current pea crop after flowering.

Perithecia produced on dead parts of growing pea plants are usually very abundant, while

pycnidia are often scarce in lesions (Hare and Walker I945).In France, Roger and Tivoli

(1996b) observed that the pathogen can produce pycnidia on both green and senescent

parts of the plant, while perithecia are formed only on senescent parts.

Allard et al. (1992) observed that pycnidiospore dispersal occurred only during rainfall

and remained limited, while ascospores could be transmitted longer distance and result in

secondary spread of the disease. In an experiment done in France, dispersal of both

pycnidiospores and ascospores of M. pinodes occurred during the whole season (Roger

and Tivoli 1996b).

Although Roger and Tivoli (1996a) observed the seasonal spore release using a Hirst

spore trap in the field, little information is available on daily and seasonal dynamics of

both spore types, and spore release patterns during rainfall events and dry days

particularly in Canada. These data are needed for forecasting the disease occurrence and

in the development of management strategies. The objectives of this study were to

determine the daily and seasonal patterns of ascospore and pycnidiospore release of M.

pinodes under western Canadian environmental conditions, and observe the effects of

rainfall on spore release, as well as investigate the relationships of spore dispersal and

disease severity to distance from the inoculum source.
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4.3 Materials and Methods

4.3.1 Inoculum preparation

A single-pycnidiospore isolate of M. pinodes isolated from a blighted field pea plant at

Agriculture and Agri-Food Canada, Morden Research Center (AAFC-MRC) in Morden,

Manitoba in i999 was used. The isolate was cultured on potato dextrose agar at 20oC

under a I4-h photoperiod of cool-white fluorescent light. Pycnidiospores were washed

from the surface of l4-day-old cultures with sterile water containing 0.05% Tween 20.

The resulting spore suspension was filtered through two layers of cheesecloth and

adjusted to 105 pycnidiospores per ml for inoculation in the field. Pea plants (cultivar

Prof,r) at the 4 to S-node stage (approximately 2 weeks after planting) were inoculated at a

rate of 0.5 ml per plant using a DeVilbiss model 15 atomizer (DeVilbiss Co., Somerset,

PA). Disease was allowed to develop in inoculated plants, and at the end of the season,

symptomatic plant residue was collected, stored at 3oC and used for inoculation in 2000.

Similarly, sympotomatic residues in the inoculated area were collected at the end of the

season in 2000 for inoculation in 2001.

4.3.2 Field site

Experiments were conducted in two 42 x 42 m field plots at AÁIìC-MRC in 2000 and

2001. The fields had never been sown with pea, and were isolated by at least 500 m from

each other. The fields were also isolated by at least 300 m from other pea fields to

prevent local inoculum from having an impact on the experiment. The cultivar Profi was

sown in the experimental fields on 4 May 2000 and 15 May 2001. The central 6 x 6-m
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square of the field was inoculated with pieces of diseased pea residue (3 kg) on 8 June in

both years when pea seedlings were at the 4 to S-node stage.

4.3.3 Spore sampling

Daily spore density was used to observe seasonal spore dynamics. To obtain data on

the daily density of both ascospores and pycnidiospores, sixteen Rotorod spore samplers

(Aerobiology Research Laboratories, Nepan, Ontario) were placed at the four sampling

sites:0, 6, 12, and 18 m from the edge of the inoculated area in a line transect (four in

each direction) running north to south and east to west across the field. There were 16

samplers in total. Samplers were fixed on steel poles with sampling heads positioned at 1

m above the soil surface. The motors were programmed to rotate at 2400 RPM for 5 min

each hour. Spore density at each sampling site was calculated per sampling date, and

converted into number of ascospores or pycnidiospores in per m3. Daily spore density for

53 days in 2000 and 2001, respectively, were used for analyzing the seasonal spore

dynamics. Spore sampling was continued until 3 days before harvest.

A Burkard 24-h wind-oriented spore sampler (Burkard Manufacturing Co. Ltd.,

Rickmansworth, England), with the orifice 75 cm above the soil surface, was placed in

the center of the inoculated area in both years, and used for investigating hourly density

of pycnidiospores and ascospores during dry and rain days. Microscopic spore counts

were converted to ascospores or pycnidiospores per m3 per hour. Data on hourly spore

density was collected for 25 days in 2000 and 27 days in 200I. Hourly mean spore

density between 800 and 1200,1200 and 1600, 1600 and 2000,2000 and 2400,2400 and

400, and 400 and 800 h was calculated, and Duncan's Multiple Range Test (DMRT)
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(SAS Institute Inc., Cary, NC) was used for the separation of hourly mean ascospores and

pycnidiospores. Daily dynamics of both pycnidiospores and ascospores during and after

rainfall was analyzed using hourly spore density data collected on June 13 (rain day), 14,

15 and 16 in 2000, and June 18 (rain day), 19, 20 and2l in200l.

4.3.4 Disease assessment

Disease severity was assessed after the onset of symptoms in the inoculated area.

Disease assessment was carried out twice a week until harvest, for a total of nine

observation times in each year. For each assessment, the field was divided into 49

squares, each being 6 x 6 m. Each node of each square was used as a sampling site,

resulting in a total of 64 sampling sites spaced 6 m apart. The same ten plants at each

node were sampled on each assessment date. Percentage of leaf area with symptoms

(LAS, including senescent area due to disease) was estimated visually using a 0-100%

scale. The mean LAS of the ten plants represented the disease severity at a sampling site.

The mean LAS of 64 sites represented the mean disease severity of the field on each

assessment date. To analyze relationship of ascospore density to disease severity at

different distances from the inoulated area, mean disease severity of plants at the sites,

which surrounded the inoculated area and were concentrically located at 0,6, 12, and, L8

m from the edge of the inoculated area, was calculated.
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4.3.5 Relationship between ascospore density and distance from the inocolum

source, and disease severity

Mean spore density at each of the four distances (0, 6,12 and 18 m) from the inoculum

source was calculated on each sampling date by averaging the spore density obtained

from four spore samplers located at the north, east, south and west of the inoculum

source. The mean spore density at the different distances was used to analyze the

relationship between spore density and mean disease severity at the distance as well as

the relationship between spore density and distance from the inoculum source. Linear

regression statistics (SAS version 8, SAS Institute Inc., Cary, NC) were used for these

analyses.

4.3.6 Rainfall data

Hourly rainfall during the season was measured by a 1/100th inch rain gauge

(Spectrum Technologies Inc.) installed at the inoculated area.

4.4 Results

4.4.lDaily dynamics

The mean hourly density of ascospores in air varied from 3.5 m-' to 50.8 m-3, and

pycnidiospores only ranged from 1.1 to 8.2 m-3 d.rri.rg 53 days in both years. In general,

most ascospores or pycnidiospores were trapped from 1700 h to 400 h in both years (Fig.

4.1). The largest peak of ascospore release occurred from 2100 to 2400 h, significantly

differing from other periods of a day (P < 0.0i) (Fig. a.1). Higher pycnidiospore density,

on the other hand, occurred from 1700 to 400 h. Much fewer ascospores and
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pycnidiospores were trapped between 500 and 1600 h than during other periods (Fig.

4.r).

Typical daily patterns of spore dynamics were also observed during dry and rain days

for ascospores and pycnidiospores collected with the Burkard spore sampler in both

years. A total precipitation of 18 mm occurred between 800 h on 13 June and 700 h on 14

June in 2000 (Fig. 4.2C). Characteristic changes in ascospore density were observed for

the next 4 days starting with i3 June (Fig. 4.2A). During the rainfall on 13 June, the

density of ascospores in the air was similar to 16 June (a dry day) from 800 h to 2400 h,

but after 2400h until 900 h on 14 June, ascospore density remained higher released as

small peaks (Fig. 4.2A) than that during the same period on 16 June. Greater densities of

ascospores were observed after 1600 h on 14 June presumably in response to the rainfall

of 13 June (Fig. a.2A). The highest density of ascospores appeared between 2000 h to

2400 h on 14 June, the first day after rain. The effects of the rainfall of 13 June on

ascospore release persisted until 15 June, the second day after the rain, during which t"¡¿o

higher peaks of ascospore release occurred between 1600 h and 2400 h. Density of

ascospores decreased greatly during 16 June, the third day after rain, during which only a

small peak appeared between 2200 and 2400 h (Fig. a.zL). In 2001, similar patterns of

ascospore reiease during dry and rain days were observed between 18 June and 21 (Fig.

434) when it rained 12 mm between 800 h on 18 June and 700 h on 19 June in 2001

(Fig. a.3C). The largest peak of ascospore release appeared on 19 June, the first day after

the rainfall (Fig. a.3A). More ascospores were trapped during rainfall events and after

rain in 2000 (Fig. 4.2A) than in 2001 (Fig. 4.3A).
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In contrast to ascospore release, far fewer pycnidiospores were trapped during and

after rainfall events. During the rainfall on 13 June 2000, pycnidiospore density remained

higher after 800 h than that on the other three days (Fig. a.2B). Most pycnidiospores were

trapped after 1600 h on the rain day, and the highest peak occurred at 2000 h. Several

pycnidiospore release events also appeared between i 800 h and 500 h during the night of

June 14 presumably in response to this rainfall. Few pycnidiospores were trapped during

June 15 and 16, the second and third days after the rainfall (Fig. a.zB). Similar patterns of

daily pycnidiospore release were observed in 2001 (Fig. 4.38). More pycnidiospores

were trapped during rain events and after rain in 2000 (Fig. 4.28) than in 2001 (Fig.

4.38).

4.4.2 Seasonal dynamics

In 2000, pycnidiospores and ascospores had similar release patterns (Fig. a.aA). Most

ascospores were released during the first 23 days after inoculation presumably in

response to the rain events during this period, while pycnidiospores were released within

the first 20 days (Fig. a.aA). Density of ascospores and pycnidiospores decreased over

time. The largest peaks of ascospores and pycnidiospores appeared during the first 20

days after inoculation. Few spores were observed in the air 23 days after inoculation even

though rain events occurred (Fig. a.aA). In 2001, similar patterns of spore release were

observed (Fig. a.aB). Most ascospores were released during the first 27 days afrer

inoculation presumably in response to rainfall during this period, while pycnidiospores

were released during the first 19 days (Fig. a.aB). The largest peaks of ascospores and
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pycnidiospores appeared during the first 14 days after inoculation. Few spores were

trapped 27 days after inoculation (Fig. a.aB).

In general, in both years, a peak release of pycnidiospores occurring during the first 20

days was associated with a rainfall > 2 mm that occurred during the current day, while a

peak release of ascospores occurred during the f,rrst 23 days was associated with a rainfall

> 2 mm of the previous day (days with rainfall > 2mm labeled by arrows in the figures)

(Fig. a.aA and B). These results v/ere consistent with those in the section of daily

dynamics (Figs. 4.2 and 4.3), further proving that the release of two spore types was in

response to rainfall events.

4.4.3 Disease development

Disease symptoms were observed on plants in the inoculated area 15 days and 22 days

after inoculation in 2000 (Fig. a.5A) and days in 2001 (Fig. a.5C), respectively. Disease

severity in the field increased over time in both years (Fig. a.5A and C). The levels of

disease severity during the same period were different between the 2 years, with the

disease severity being more severe in 2000 than in 2001 (Fig. 4.54 and c).

Disease progress and the rate of disease increase were associated with rainfall during

the disease epidemics in both years. In 2000, the rainfall during the first 10 days after

field inoculation presumably provided humidity for initiating the disease on day-15 after

inoculation (Fig. a.5A and B). The rainfall between days 16 and 4l presumably provided

humidity for disease development so that the disease progress curve (Fig. a.5A) and the

rate of disease increase (Fig. a.5B) remained increased during this period. Although the

disease progress curve between days 42 and 48 remained increased, the rate of disease
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increase did not increase presumably because no rain event occurred during this period.

The rainfall between days 49 and 51 resulted in the largest rate of disease increase in the

late season (Fig. a.5B). In 2001, the disease progress (Fig. a.5C) and the rate of disease

increase (Fig. a.5D) remained at very low levels during the first 36 days, which was

associated with a lack of rainfall events during this period. The rain events of 25 mm

between days 37 and 40 were associated with the rapid disease development (Fig. 4.5C)

and greater increase of the rate of disease increase during this period (Fig. a.5D). The

high rainfall amount between days 48 and 50 allowed the disease to increase

exponentially at the end of the season in 2001 (Fig. a.5C and D).

4.4.4 Relationship between ascospore density and distance from the inocolum

source, and disease severity

'When the ascospore density was plotted over the distance from the inoculum source

(Fig. a.6A and B) and disease severity (Fig. 4.7 A and B) at the distance where ascospores

were collected, it was negatively correlated to the distance from the inoculum source in

2000 (r - -0.98, P:0.015) (Fig. a.6A) and 2001 (r: -0.92, P:0.046) (Fig. a.6B), while

the levels of disease severity over distance were positively related to the ascospore

density deposited at different distances from the inoculum source (r: 0.98 and P: 0.016

in 2000, attd r: 0.92 and P : 0.048 in 2001) (Fig. a.7 A and B).

4.5 Discussion

The temporal pattems of ascospore and picnidiospore release in the field showed a

similar seasonal periodicity in both 2000 and 2001. Both spore types were trapped during
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the first 27 days (seedling stage) after inoculation. However, only few were trapped

during the late season. This result do not correspond to those observed in France that

showed that ascospores and pycnidiospores were discharged throughout the growing

season, with the peak release for both spore types at the end of season (Roger and Tivoli

1996b). This difference might be the result of the use of different inoculum forms. In our

experiment, we employed the infected pea residue collected from the previous season.

Most picnidia and perithecia had matured in the residue before being used for inoculation

in the spring. As soon as the diseased residue was applied to the inoculated area, both

types of spores started to be released when it rained. However, Roger and Tivoli (1996b)

employed barley grains infected by the fungus for inoculum. The fungus needed a period

to produce pycnidia and perithecia, and then spores. Therefore, few spores were trapped

during early stage, while more spores were trapped during the late season. A second

factor may have been the different in environmental factors in France and western

Canada.

Our data showed that the rainfall was associated with the spore release events under our

field condition during the first 27 days (during June) after the inoculation, but after 2J

days (during July), far fewer pycnidiospores and ascospores were trapped even after a

rain event. There are two possible factors that might contribute this dynamic pattern.

First, most ascospores might have been released during June presumably in response to

rain events, so that few ascospores were trapped during July. Second, pea plants were

short and thin in June in western Canada. All disease residues in the inoculated area were

exposed outside and received more rainfall. However, plants developed a dense canopy in

July, which intercepted rain and affected the movement of spores released from diseased
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stubble in the inoculated area. The effects of plant canopy structwe on spore disperse

were also observed in other pathosystems (Hirst and Stedman I97I). Therefore, the two

spore types released before July, probably constitute most of the primary inoculum of

mycosphaerella blight in this study.

'We 
observed that the peak ascospore release occurred I to 2 days after rain, while more

pycnidiospores were trapped during the same day as rain. The timing differences of the

release of both spore types may be caused by different mechanisms. In general,

ascospores are discharged by development of pressure in perithecia that is usually caused

by their hydration. When perithecia are covered by free water during rain, the asci

hydrate and swell and the pressure is released by an expulsion of the perithecial contents,

resulting in ascospore release (Lawyer 1984; Roger et al. 1999b). This procedure needs

time to be established. In addition, a heavy rain event can also inhibit ascospore release.

In this case, a free water film covering the perithecia allows ascospores to be oozed into

the gelatinous mixture, so ascospore ejection is prevented (Paulitz 1996). The similar

pattern of ascospore release was also observed in other ascomycete fungi (Fernando et al.

1997; Fernando et al. 2000; Hare and Walker 1945; Paulitz 1996).

We noticed that ascospore and pycnidiospore release was mainly nocturnal in this

study. This pattern is similar to ascospore release of Calonectria nivalis on oat and

Gibberella zeae oî wheat (Paulitz 1996). Because ascospore release needs high moisture,

the moisture during night may provide pathogen with this adaptive advantage.

Rainfall not only affected spore release, but also disease development in the field. In

our work, the rainfall on days 48 and 49 in2000 may have increased the rate of disease to

reach a maximum. Similarly, the rainfall between days 38 and 51 may have continued to
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cause the rapid development of disease during the middle and late periods of the

epidemic in 2001. The disease occurred later in 2001 than in 2000, probably because of a

dry period after the field inoculation. Roger et al. (1999a) studied the effects of

intemrpted wet periods on the development of mycosphaerella blight on pea seedlings

under controlled conditions. They found that pycnidiospores did not penetrate the plants

if there was a 6 to 12 h wet period followed by a dry period. In this case, pycnidiospores

could survive a dry period of up to 21 days after inoculation.'When the wet conditions

were restored, the pycnidiospores still resulted in a high level of disease. These

observations suggested that dry periods may be the key factor limiting disease

development.

The temperature range for pycnidial formation of M. pinodes ranges from 5 to 28"C

(Gregory 1968; Lawyer 1984; Roger and Tivoli 1996a). The temperature requirements

for pycnidial formation were went throughout the epidemic in western Canada.

Therefore, humidity in the field is the major factor limiting the formation of pycnidia in

western Canada. In our experimental fields, weather was dry during the early stage of the

epidemic in 200i. Although there was more rainfall during the early stages of the

epidemic in 2000, the leaf surface was dry in the field because the plant canopy was not

dense. However, the variety Profi developed a dense canopy at later growth stages, at

which period, surfaces of plants and field ground maintained a long wet period after rain.

This was favorable for disease progress.

Several conclusions may have practical implementation for improvement of disease

control strategies. Because most spores from residue were released in early crop growth

stage and may have constituted to the major primary inoculum of epidemics of foliar
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mycosphaerella blight in western Canada, plowing the residue underground should

reduce the amount of the primary inoculum for new adjacent pea fields. A decrease in

ascospore density and disease severity over distance suggests pea rotation with other non-

host crops and planting field pea far from the old pea field would reduce the risk of

disease occurrence in the next season. Close association of rain events with spore release

and disease development were observed. This suggests that the disease should be

detected particularly after a rain event to determine schedule of timing of chemical

sprays. In addition, if the disease needs to be controlled by chemical spray, a chemical

spray should be applied to plants to prevent spore gennination or infection as soon as

possible after arain event.
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CHAPTER 5

TEMPORAL AND SPATIAL DYNAMICS OF MYCOSPHAERELLA

BLIGHT IN FIELD PEA

5.1 Abstract

The temporal and spatial patterns of epidemics of Mycosphaerelta blight in field pea,

caused by Mycosphaerella pinodes, in western Canada were charactenzed during 2000

and 2001 using mathematical models and geostatistical analysis. The logistic model

confirmed to be the best for describing disease progress at distance and in directions from

the inoculum source. The temporal disease progress rates measured by the linear form of

the logistic model ranged from 0.19 day-rfor disease progress at the inoculated area to

0.29 day-t for disease progress at 18 m from the inoculum source, and from 0.136 to

0.265 day-r in different directions. The steepest disease gradient was located in the

upwind, north to northwest section of the field by the end of the epidemic in both years,

while the gradients in the east to south section became flatter by the end of the epidemic

in both years. The disease gradients ranged from -0.009 m-l in the downwind direction

(south) to -0.183 m-tin the upwind direction (north). The mean disease gradients in the

field ranged from -0.043 m-' to -0.05 m-r. Disease severity declined by S}%within 1.8 to

15 m and by 90% within 7 to 62 m from the inoculum source in the upwind directions.

Disease declined by 50% within 16 to 44 m and by 90% within 55 to 222 m in the

downwind directions. On the basis of the mean disease gradients in both years, the

disease severity declined by 50% and90o/o within 8 to 14 m and 40 to 51 m, respectively.

The range of the spatial dependence was 18 m within rows in 2000 and across rows in
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both years. The range of dependence was 22 m in the 45o direction in both years and in

the 135'direction in 2000. It was 32 min the i35o direction in 2001, but a range was not

detected within rows in 200I.

Key words: mathematical models, field peas, geostatistics, spatial and temporal pattems.

5.2 Introduction

Mycosphaerella pinodes (Berk. &. Bloxam) Vestergren, the causal agent of

Mycosphaerella blight, is the most important pathogen of field pea (Pisum sativum L.) in

western Canada (Xue and Bumett 1994; Rashid et al. 1996). Typical symptoms at the

early disease developmental state are small, black and irregular flecks on all aerial

organs. In dry conditions, the lesions on leaves remain small. Under favorable

temperature and humidity, lesions will enlarge and coalesce to form necrotic lesions on

leaves (Lawyer 1984; Roger et al. I999a). Annual pea yield loss due to the disease in

western Canada has been estimated at l0%o on average, and more than 50Yo in field trials

(Wallen I9l4; Xue et al. 1995). Pycnidiospores splashed by rain and air-borne ascospores

are the primary sources of inoculum responsible for infection in the field (Lawyer 1984).

The air-bome ascospores may be uniformly distributed in a field and cause the disease

over a large area. Pycnidiospores, on the other hand, are more localized. Even when large

numbers of pycnidiospores are released during a rainfall, most will be splashed locally

onto the lower leaves, causing alocalized disease pattern (Lawyer 1984).

The analysis of the temporal and spatial dynamics of plant diseases in the field is

important in understanding disease epidemics. The ultimate purpose of analyzing these

dynamics is to understand the biology of the pathogen and to help growers make wise
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decisions in disease management. Many techniques have been employed to analyze the

temporal and spatial dynamics of plant disease. Of these techniques, mathematical

models are the most commonly used and have been extensively applied to quantify the

temporal and spatial dynamics of diseases and pathogen population in various crops

(Madden et al. 1987; Nelson and Campbell 1993; Camann et al. 1995; Paulitz 1996).

Some models have also been used to compare and evaluate the effectiveness of

fungicides and different disease management practices (Culbreath et al. 1991).

The monomolecular and logistic models were frequently used to describe monocyclic

and polycyclic diseases (Campbell and Madden 1990). These models can be applied to

plant disease data and express epidemic progress in terms of the absolute rate of change

in disease intensity (dy) with respect to the change in time (dt) (Campbell and Madden

1990). Spatially, disease often occurs in discrete foci resulting from a primary infection,

and spreads outward from the center of focus. The change in disease incidence or severity

in space is often referred to as disease spread (Reynolds and Madden 1988). The analysis

of disease spread is analogous to that of disease progress curve over time, except that the

absolute rate of change in disease is expressed as dy/ds, where s represents distance,

rather than time. The change in rate is often referred to as a disease gradient (Campbell

and Madden 1990). Several simple mathematical models have been used successfully to

describe the gradient of disease from a source. All of the models are functions of disease

intensity expressed as a proportion, y, a rate parameter; b, the steepness of the disease

gradient, and s, the distance from the source (Campbell and Madden 1990). In studies of

Mycosphaerella blight, polynomial equations were fitted to predict the stages of

infection, incubation, latency and disease development as functions of temperature and
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duration of moisture (Roger et al. I999a). These equations allow comparing pathogen

spread with plant development and could be incorporated into disease development

models used for crop management programs (Roger et al. I999a).

Disease gradient models do not take into account information on the location of the

sampling site. In particular, these models cannot reflect the relationship of dependency

between neighboring sites, resulting in the loss of valuable information (Lecoustre et al.

1989; Larken et al. i995). Geostatistical analysis has been used to describe the

characteristics of spatial pattems of disease intensity or pathogen populations over time.

Specifically, the method can be used to detect the degree of dependency between

neighboring sampling sites in disease spread (Chellemi et al 1988; Larken et al. 1995). In

geostatistical analysis, semivariance values that start out small and increase with

increasing lag distance indicate spatially dependent samples (Trangmar et al. 1985;

Larken et al. 1995). The lag distance at which the semivariance approaches a constant

value (sill) is called the range of spatial dependence. Samples separated by distance less

than the range are spatially related, while those separated by distance greater than range

are no longer spatially related. The point at which the semivariogram crosses the Y axis is

called the nugget variance. Differences in slopes of individual semivariograms in

different directions reveal the presence or absence of anisotropic spatial dependence

(Trangmar et al. 1985; Larken et al. 1995). The semivariogram in the direction of

maximum variation will have the steepest slope, whereas the semivariogram in the

direction of minimum variation will have the lowest slope (Trangmar et al. 1985).

Geostatistical techniques can use random or structured characteristics of spatially

distributed variables to quantiff spatial dependence. These techniques require less strict
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assumptions compared with spatial autocorrelation techniques (Larken et al. 1995; Wu et

al. 2000) and only require an assumption that variance between samples is a function of

the distance of separation (Lecoustre et al. 1989). Spatial patterns can be analyzed from

any specific direction and dependency will be determined by a semivariogram that plots

the semivariances versus separation distance. Besides recognizing the degree of spatial

dependency of diseased plants or pathogen population, geostatistics can use scattered

sampling sites to estimate the values at any unsampled sites using Kriging (Trangmar et

aI.1985).

The fungus of mycosphaerella blight in the field is one of the most important inoculum

sources for a new crop of field pea. Although it is estimated that ascospores can be

transmitted by wind more than 1 km from a source, no experimental evidence has been

reported for this. Characteristics of progress of mycosphaerella blight and its spread in

the field are not understood well under the natural conditions. The information of these

aspects is needed for determining control strategies of the disease. The objectives of this

study were to analyze the temporal and spatial dynamics of mycosphaerella blight from a

central inoculum source in the field, using temporal disease progress models, spatial

gradient models and geostatistical analysis.

5.3 Materials and Methods

5.3.1 Inoculum preparation

A single-pycnidiospore isolate of M. pinodes isolated from a field pea plant at

Agriculture and Agri-Food Canada, Morden Research Center (AAFC-MRC), Morden,

MB in 1999 was used. The isolate was cultured on potato dextrose agar at 20oC under a
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14-h photoperiod provided by cool white fluorescent light. Pycnidiospores were washed

from the surface of l4-day-old cultures with sterile water containing 0.05% Tween 20.

The resulting spore suspension was filtered through two layers of cheesecloth and

adjusted to i05 pycnidiospores per ml. Pea variety Profi at the 4 to 6-node stage

(approximately 2-week-old) were inoculated at a rate of 0.5 ml per plant using a

DeVilbiss model 15 atomizer (DeVilbiss Co., Somerset, PA). Disease was allowed to

develop in inoculated plants in the field in 1999. At the end of the season, the

symptomatic residues were harvested and used for inoculation in 2000. A similar method

was used to produce the diseased plant residues in 2000 for inoculation in 2001.

5.3.2 Experimental site

Experiments were conducted in a 42 x 42 m field at A.AIìC-MRC for two consecutive

years, 2000 and 200I. Field pea (Pisum sativum L.), variety Profi, was used in the

experiments, and the fields were isolated by at least 300 m from other pea fields. The

fields were planted on 4 May in 2000 and 15 May in 2001. The field was divided into 49

squares, each being 6 x 6 m. The central square was inoculated at the 4 to 6-node stage

on 8 June in both years with 3 kg of the infected pea residue pieces from the previous

year.

5.3.3 Disease assessment

Disease was assessed as percentage of leaf area with symptoms (LAS) at the onset of

symptoms in the inoculated area. The assessment was carried out twice a week for a total

of nine times each year. Disease assessment was continued up to the harvest of pea.
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There were a total of 64 sampling sites, with a 6-m space between each other. Ten tagged

plants at each sampling site were assessed for LAS on each assessment date. The mean

LAS of the ten plants represented the severity at that sampling site, and the mean LAS of

64 sites, with 640 plants in total, represented the mean disease severity of the field and

was used to analyze mean disease progress during the season in the whole field. Mean

disease severity of plants at those sampling sites, which surrounded the inoculated area

and were concentrically located at 0, I,2, 6, 12, and 18 m from the edge of the inoculated

area, was calculated to analyze disease progress at different distances from the inoculated

area. The mean disease severity of plants at the sampling sites located at 0, I, 2, 6, 12,

and 18 m from the edge of the inoculated area in the north, east, south and west of the

inoculated area was calculated to assess disease progress and gradients in those

directions. The mean disease severity of the plants on the sites at 0,0.7,I.4,4.25,8.5,17

and 25.5 m to the northeast, southeast, southwest and northwest of the inoculated area

was calculated to analyze disease progress and disease gradients in these four directions.

5.3.4 Temporal disease progress

The logistic model was chosen to analyze the temporal disease progress based on the

nature of mycosphaerella blight disease progress curves and in comparison with the

monomolecular model that describes monocyclic diseases (Campbell and Madden 1990).

The logistic model was fitted to data on mean disease progress in the field, disease

progress at the six different distance levels, and disease progress in the eight directions

for each year. In both models, LAS was defined as the dependent variable (y) and days

after inoculation as independent variable (r). The two models were tested by linear
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regression analysis of transformed observed values versus days after inoculation. The

appropriateness of each model was determined on the basis of the coefficient of

determination (R2), the plots of transformed predicted values and observed disease

severity against time, and the plots of residuals to examine patterns (Campbell and

Madden 1990). The logistic model was chosen as the model to describe temporal disease

progress curves at different distances and in different directions. It also was used to

develop the integrated equations describing the mean disease progress curves of both

years. The integrated and linear expressions for the logistic model are y: I/{ 1+[(1-

ys)/yslexp(-bt)\ and lnþl(l-y)l:lnþl(l-ys))*bt, respectively, where y is percentage of

LAS, yo is initial LAS, å is the rate parameter of disease progress curve and r is days

after inoculation in this research.

5.3.5 Disease gradients

According to the pattern of decrease of disease from the inoculated area, the

exponential model of disease spread, !: ae-b'(Campbell and Madden 1990), was used to

analyze the mean disease gradients of mycosphaerella blight and gradients in different

directions in the fields in both years. To compare the disease gradients in directions and

to deveiop the integrated equations describing the mean disease gradients of both years,

the rate parameter (å) of disease gradient curve in direction was calculated by plotting the

transformed LAS versus distance in meters with the linear form of the exponential model,

where y is LAS, a is constant, å is the rate parameter and s is the distance in meters from

inoculum source. Distances at which LAS declined by 50% (D50) and gOTo (De6) were

then calculated for the mean disease gradient in the field and gradients in different
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directions by the linear exponential model. Data of LAS collected at different distances in

the eight directions on each sampling date were used for analysis of disease gradients in

these directions Mean LAS at each distance on the last assessment date was used to

analyze the mean disease gradient in the field and to compare the gradients of both years.

5.3.6 Geostatistical analysis

To exam whether disease was caused by inoculum from the inoculum source or from

endemic inoculum, Geostatistical analysis was used to determine dependency between

neighboring sampling sites. Geostatistical analysis was conducted on mean disease

severity of ten plants at each sampling site using GS* version 5.1 soffware (Gamma

Design Software, Plainwell, Michigan) to determine the dependency between

neighboring sampling sites over time and direction. To evaluate the spatial dependence,

semivariance of geostatistics,y(h), is used, and defined as one half the average squared

difference between pairs of sample data values separated by a given lag distance (å)

(Mundt 1989; Fernando et al. 1991). The semivariogram was obtained by plotting

semivariance versus lag distance. In this study, it was the variance of the mean difference

in LAS between all nodes in a 6-m lag distance. Analysis of anisotropic patterns over

time was conducted in four directions, 0, 45, 90 and 135" using data from nine

assessments, where 0o represents the direction within rows from east to west and 90" is

the direction across rows from north to south.
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5.4 Results

5.4.1 Temporal disease progress

5.4.1.1Temporal disease progress at different distances

Symptoms of mycospharella blight were observed on plants in the inoculated area 15

days after inoculation in 2000 (Fig. 5.14) and22 days after in 2001 (Fig. 5.1C). Mean

disease severity in the fields (Fig. 5.14 and C) increased over time in both years.

'When the plots of transformed LAS observations and predicted values versus time,

coefficients of determination (R2) and their standard error, and plots of residual s O-9

versus y (predicted value) were examined for the logistic and monomolecular models, the

logistic model (At : 0.78 to 0.95, P < 0.02) was better suited for describing disease

progress at each distance from the inoculum source than the monomolecular model 1R2 :

0.38 to 0.73, P < 0.07) in both years (Table 5.1), suggesting that the mycosphaerella

blight fit a S-shaped curve describing polycyclic diseases. Based on the logistic model,

the rate parameters ranged from 0.19 at the inoculated area to 0.28 at 18 m from the

inoculated area in 2000, and from 0.23 at inoculated area to 0.29 at 18 m in 2001 (Table

5.1). The slopes of disease progress curves at distances further from the inoculum source

became steeper, and the slopes were steeper at the corresponding distance in 2001 than in

2000 (Table 5.1). Epidemic onset, as determined by examining intercepts of logit-

transformed LAS versus time was delayed with increasing distance from the inoculum

source in both years because the intercepts maintained a descending trend with increasing

distance (Table 5.1).
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5.4.1.2 Temporal disease progress in different directions

The disease progress over time in each direction in both years was also well described

by the logistic model. In 2000, the slopes clockwise from the south to the northwest were

steeper than those in other directions (Table 5.2). However, disease in all directions

progressed with similar slopes, with a slightly shallower slope in the south, and slightly

steeper in the northwest in 2001. The slopes in directions ranged from 0.i36 to 0.215 in

2000 and from 0.204 to 0.265 in200l, with slopes being higher in 2001 than those in

2000 in the corresponding direction (Table 5.2). Disease occurred earlier in the east and

southeast in 2000 and from the south of the inoculated area in 2001, as indicated by the

intercepts, while disease was delayed most in the northwest of the inoculated area in 2000

and200I (Table 5.2).

5.4.1.3 Mean disease progress

The mean disease progress curves for both years had steeper slopes compared with the

disease progtess curves in specific directions (Table 5.2). The integrated expressions of

the logistic model for the mean disease progress in 2000 and 2001 were: / :

1/(I+52.63exp(-0.215tÐ (R2 :0.88, p < 0.01) andy: I/(I+4g.75exp(-0.2.58Ð) (42:

0.84, P < 0.01), respectively. The linear form of the logistic model tended to slightly

overestimate disease severity at the beginning and the end of the epidemics in both years,

and slightly underestimated disease severity during other stages of the epidemics (Fig.

5.18 and D). Compared with the intercepts of the specific directions, the intercept of the

mean disease progress curves in both years indicated the latest disease onsets, showing
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that the mean disease progress model underestimated the disease onsets in both years

(Table 5.2).

5.4.2 Disease gradient in different directions

As the disease gradient curve followed an exponential pattern during both years (Fig.

5.2), and the exponential model also explained high variance of disease decrease from the

inoculated area in different directions (Table 5.3), the exponential model with s as the

independent and Ln$t) as the dependent variables was chosen to compare the disease

gradients in eight directions in both years. In 2000, disease started to spread in all

directions from the inoculated area on day 22 after inoculation with similar gradients as

described by ó (Table 5.3). By day 29, disease gradients in all directions increased

slightly, with the steepest gradient in the east and the shallowest gradient in the

northwest. This showed that more disease occurred in plants in the easterly direction near

the inoculum source than in other directions, whereas the least number of infected plants

occurred in the northwest near the inoculum source. By day 36, the disease gradients

became flatter in all directions, because more plants at further distances from the

inoculum source had become infected in all directions compared to the previous

assessment dates. The disease gradients increased to greater degree on day 41 in all

directions, then -flattened by day 44, with a relatively steeper slope in the north, and a

shallower slope in the east. By day 48, steeper disease gradients occurred in all directions

compared to those on the previous assessment dates because disease severity in plants at

the inoculum source and in those near the source greatly increased again during this

period. The disease gradients of plants on the northwesterly side of the inoculated area
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increased less with the shallowest slope because the disease developed slowly in the

plants near and further from the inoculum source. The steepest gradient still remained in

the north during this period. By day 51, disease gradients in all directions had the greatest

increase with the steepest slope in the north. Shallower disease gradients occurred in the

southeast and east of the inoculated area during this period because disease severity at

further distances in both directions was much higher than that in other directions (Table

5.3). By the end of the season, disease gradients became much shallower in all directions

with the steepest slope in the north and shallowest slope in the southeast.

In 2001, by day 28 after inoculation, spread of disease occurred from the inoculated

area in all directions, showing similar gradients (Table 5.3). A steeper slope occurred to

the south of the inoculated area by day 33, showing more disease started to spread toward

the plants near the inoculated area in this direction. Steeper gradients occurred in the east,

southeast and south (east-to-south section) and shallower gradients occurred in the

northwest, north and northeast (northwest-to-northeast section) until day 40 (Table 5.3).

These spread pattems showed that more disease occurred in plants in the east-to-south

section near the inoculated area during this period, while plants in the northwest-to-

northeast section were infected less near the inoculated area. The gradient increased

greatly in each direction after day 42 until day 50, during which disease gradients

remained higher in the east-to-southeast section and lower in the northwest. By the end of

the season (day 55), disease gradients in all directions became flatter, as indicated by the

decreased slopes (Table 5.3). The plants in the east-to-south section of the inoculated area

had shallower gradients with higher disease severity, while plants in the northwest-to-

north section remained with the steepest gradient (Table 5.3).
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To characterize the mean disease gradient in the field, the mean disease severity at 0, 1,

2,6, 12, and 18 m from the inoculated area, obtained from the last assessment dates of

both years, was fitted to the exponential model to quantifli and compare the mean disease

gradients in both years. The mean disease gradient in 2000 was slightly shallower than

that in 2001 as described by slopes (Table 5.4), showing that disease spread further from

the inoculum source in 2000 than in 2001. The integrated expressions of the exponential

model were: y : 0.89 exp(-0.043s) for the disease gradient in 2000 and y : 0.731 exp(-

0.05s) in 2001 (Fig. s.2).

5.4.3 Disease decline in direction in 2000 and 2001

The exponential model was used to quantify disease decline in different directions using

the data collected at the end of the season. The disease gradients, as indicated by b,

ranged from -0.014 m-r in east to -0.054 m-' in the north in 2000, and from -0.009 m-' i.t

the south to -0.183 m-rin north in 2001. The mean disease gradients in the field ranged

from -0.043 m-'itt 2000 to -0.05 m-rin 2001 (Table 5.4).

The distances at which disease declined by 50% (D56) and 90% (Dsù were calculated in

all directions with the linear equation of the exponential model using the data collected at

the end of the season. (Table 5.4). In 2000, disease severity declined by 50% within l1 to

15 m and by 90% within 40 to 62 m from the inoculum source in upwind directions,

north, west and northwest (wind direction data obtained from the Morden Weather

Station of Environment Canada located approximately 1 km from experimental field). In

2000, disease declined by 50% within 16 to 43 m and by 90% within 55 to 159 m from

the inoculum source in downwind directions, south, east and southeast. In200l, disease
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severity declined by 50% within 1.8 to 9 m and by 90% within 7 to 42 m from the

inoculum source in the upwind directions. Disease declined by 50% within 18 to 44 m

and by 90o/o within 95 to 222 m from the inoculum source in the corresponding

downwind directions. In the upwind directions, disease spread furthest to the west of the

inoculum source and nearest in the north in both years. In the downwind directions,

disease spread fuithest in the southeast of the inoculum source and the nearest in the

south in 2000, but furthest in the south and the nearest in the east in 2001 on the basis of

the predicted values of D56 and De6 (Table 5.4). For the mean disease gradients, disease

declined by 50% and90o/o within 74 and 51 m in 2000, and within 8 m and 40 m in 2001,

respectively (Table 5.4).

5.4.4 Geostatistical analysis

Changes in the patterns of semivariogram were observed over time in the fields for both

years (Fig. 5.3). Semivariograms for all directions were essentially flat at the early stages

of the epidemics, during the first 22, and 28 days after inoculation in 2000 and 2001,

respectively. This showed that disease was not spatially related in neighboring sites in

early stages of the epidemics. The patterns of the semivariograms v/ere similar in all

directions over time before day 48 in 2000 and day 50 in 2001. Semivariogram slopes

increased over time within the 18-m distance from the edge of the inoculated area within

rows and across rows, and then decreased after 18 m before day 48 in 2000 and day 50 in

2001 (Fig. 5.34, C, E and G). However, semivariogram slopes increased over time within

22 m and then decreased in 45" and 135' directions (Fig. 5.38, D, F, and H) before day

48 in 2000 and day 50 in 2001. In the field, the inoculated area was located between lag



98

distances 18 and 24 m within rows and across rows or between 22 and, 26 m in 45o and

135'directions. This meant the sampling sites within 18 m and beyond i8 m within rows

and across rows or within 22 m and beyond 22 m in 45o and 135o were located on both

sides of the inoculum source. Therefore, the semivariogram patterns showed that the

sampling sites located at the same side of the inoculum source were spatially related.

However, those located at two sides of the inoculation source were not spatially related

with each other before day 48 in 2000 and day 50 in 2001, suggesting that disease

gradients were caused by inoculum from the inoculated area before both sampling dates.

Degree of spatial dependence differed with the direction of orientation (shong

anisotropy) in both years. In general, similar increases in semivariance were detected in

directions 0o, 45o, and 135o over time before day 48 (Fig. 5.34, B and D) in 2000, and in

directions 45o, 90o, and i35" before day 50 in 2001 (Fig. 5.3F, G and H). The minimum

increase in semivariance was observed over time across rows before day 48 in 2000 (Fig.

5.3C) and within row before day 50 in 2001 (Fig. 5.3E). In directions 0o and 45" in 2000

(Fig. 5.34 and B) and 45o and 90o in 2001 (Fig. 3F and G), semivariance increased with

increasing lag distance within 18 and 22 m, respectively, then decreased after 18 arñ 22

m. However, semivariance in the 90" and 135" directions after day 48 in 2000 (Fig. 5.3C

and D) and in the 0o and 135o directions after day 50 in 2001 (Fig. 5.38 and H) remained

relatively high over time beyond 18 m and 22 m lag distances. Those patterns of

semivariogram was caused by the high disease severity occurring in plants further in the

south and southeast in 2000 and the east and southeast of the inoculated area in 2001,

showing that the disease gradients became flatter and disease spread further in those

directions over time during the late epidemics. Especially, semivariance in 0o and 135" in
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200I that remained increasing at the late season may suggested that secondary infection

had occurred in both directions. The range of spatial dependence was 18 m within rows

and across rows and 22 m in the 45o and i35o directions in 2000 (Fig. 5.34-D). However,

the range of spatial dependence in the 135" direction (Fig. 5.3H) was approximately 32 m

on the last assessment date and the sill was not detected in 0o direction (Fig. 5.3E) in

200r.

5.5 Discussion

We used a mixture of ascospores and pycnidiospores (Zhang et al., unpublished), as the

primary inoculum source, and conducted the experiments under natural conditions. To

our knowledge, this is the first comprehensive study quantitatively describing temporal

and spatial dynamics of mycosphaerella blight in field pea using mathematical models in

combination with geostatistical analysis under natural conditions. This work developed a

logistic model that well described the disease progress over time at the different distances

from the inoculum source and in different directions. An exponential model that

quantified the mean disease gradient in the field has been developed. The disease

gradients in different directions were quantified by comparison of slopes of the model

and semivariance. The distances of disease spread from the inoculum source were

estimated in different directions by the exponential model. This information may help

detect disease development in the field, and makes strategies for the disease management

such as isolation of a new pea fields from previous years' pea fields. Geostatistical

analysis allowed us to understand the spatial dependence between neighboring sampling

sites, as the spatial dependence could not be estimated by other models used in this work.
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We chose the logistic model to describe disease progress in the field based on the

biological features of mycosphaerella blight progress and coefficient of determination

(R2;. Attnough the logistic model was suitable for describing disease progress at different

distances and in different directions, the best mathematical equation varied over distance

and direction. For example, the linear model, rather than the logistic model, was the best

model for describing the disease progress curves at the inoculated area and I m from the

inoculum source (42 > 0.93, P < 0.01) in 2001 (data not shown). The exponential model

was the best model for the progress curves in the north and northwest in 2001.

Unlike the S-shaped disease progress curve in 2000, the disease progress curve in 2001

did not detect a LAS decrease until the end of the epidemic, and appeared to fit a pattern

of an exponential curve. This may be related to the dry weather during the early stages of

the epidemic and thus a delay of disease onset in 2001. Therefore, there were many leaf

areas available for infection, producing an exponential increase of disease at the late

epidemic in 2001. If an appropriate condition for disease development was applied to the

field in 2001, a logistic curve would be detected.

The different rates of disease progress and disease gradients in different directions

suggests that a mean disease progress model or a mean disease gradient model in a large

area cannot well describe the characteristics of a local disease progress or local disease

gradient Therefore, it is necessary that a specific model is developed to charactenze the

disease progress or disease gradient in a specific space and time if disease is distributed

unevenly in the field. FurtherTnore, a model combining direction, distance and time may

be the best model to describe the disease in space and time.
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We determined the intercepts, slopes and D5e and Des in each direction with the

exponential model. Prevailing winds were observed from the north, northwest, and wind

was frequently from the west in both years. The gradients in the upwind directions were

steeper gradients than those in the corresponding downwind directions, and disease

decreased more quuickly. Cammack (1958) studied the disease gradients caused by

Puccinia polysora on maize. He applied the same sampling pattern around the inoculum

source in the field as we did and calculated a mean gradient for all directions around the

source at the four concentric circles,4, 10, 20 and 40 m from center. Gregory (1968),

who used Cammack's data of the disease gradients, concluded that when all directions

were averaged, the mean gradient in the field was steeper than that of the downwind

gradient. Although we used a different model, our results agreed with the analytical

conclusion of Gregory.

In other pathosystems, the exponential model was used to measure the mean disease

gradients of diseases caused by airborne conidia or ascospores. Fernando et al. (Igg7)

measured the gradients of fusaurium head blight caused by ascospores of Gibberella

zeae, which ranged from -0.1I to -0.19 m-I. The gradients of wheat leaf rust caused by

Puccinia recondita in Mundt's (1989) study ranged from -0.07 to -0.28 m-'. I.r our work,

the mean gradients (-0.043 to -0.05 m-t¡ are shallower than those in the above mentioned

studies. This indicates that mycosphaerella blight on pea spreads further within a field. A

point source usually produces a steeper disease gradient than an area source (Gregory

1968). Fernando et al. (1997) used a l-mz inoculum source in a 50 x 50 m field to

measure gradients of fusarium head btight and Mundt (1989) used a 13.4-m2 inoculum

source in a field that was 173 m in length to test the spread of wheat rust. We used a 36-
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m2 inoculum source area in a 42 x 42 m ñeld,, much larger than the source areas in the

other two studies. This is probably one of the reasons for causing shallower gradients of

Mycosphaerella blight. In addition, the steepness of gradient is also probably related to

the wind speed and characteristics of varietal resistance.

The exponential model is a "compound interest" model used for describing polycyclic

diseases (Campbell and Madden 1990). Mycosphaeretla blight is a polycyclic disease and

pycnidiospores of M. pinodes can cause secondary local infections under favorable

environmental conditions so that the disease gradient curve displayed an U-shape

(Kerling 1949). Although secondary infections were observed only in plants in the south-

to-east section during the epidemics in both years, the exponential model well described

the gradient data in all directions. However, this does not mean secondary infections

occurred equally in all directions.

In our work, the distance at which disease declined by 90% in the upwind or downwind

directions varied with wind direction. This may be due to different speeds and frequency

of the prevailing wind during spore release. In the upwind directions, the disease declined

by 90% within 7 m (to the north of the inoculated area) in 200L, and 62 m (to the west) in

2000.In contrast, in the downwind directions, the disease declined by 90% within 55 m

(to the south) in 2000, to 222 m (to the south) in 2001. Northerly and northwesterly winds

were the most frequent wind directions in both years. Most likely, more spores \¡iere

carried to the south and southeast from the inoculum source, so that disease spread

further in both directions from the inoculum source than in other directions. Ascospores

can move 1.6 km or more with wind from a source (Lawyer 1984). Therefore, although

the longest predicted distance at which disease declined by 90% in the downwind
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direction was 220 m, this does not preclude the possibility of spore dispersal further

away. With the limited field demensions, we could not assess disease spread beyond our

field size. However, these predicted distances are still important in designing strategies

for management of this disease in the field. For example, a new pea field isolated at least

300 m from a severely infected field may have much lower disease risk than fields within

this distance. Fungicide application should be advocated for growers whose fields are

located within a 300 m area from a diseased pea field. If a local disease focus exists in a

large area field and limited fungicide is available, fungicides should be applied to this

focus area and plants around it at an early stage.

Our study of disease progress and gradients contributed to the understanding of the

characteristics of temporal and spatial dynamics of mycosphaerella blight in peas under

natural conditions. Disease gradients vary not only with different weather conditions, but

also with variety resistance (Gregory 1968). We examined epidemics of mycosphaerella

blight in a susceptible variety (Profi) during both years. To attain a more precise analysis

of disease progress and gradients under natural conditions, varieties with different

resistance levels should be used in future work.



Table 5.1. Comparison of the intercepts, rate parameters of mycosphaerella blight progress curves at the six distances from the
inoculated area using the linear forms of the monomolecular and loeistic models

Distance (m)o

0 Monomolecular
Logistic

Monomolecular
Logistic

Monomolecular
Logistic

Monomolecular
Logistic

Monomolecular
Logistic

Model Interce
-2.39
-6.27

-2.15
-8.39

-2.t0
-9.31

-2.22
-9.22

12

Year 2000

o Distance in meters from the inoculated area

l8

Slooe lå

b Slope (å) generated by regressing the linear form of logistic model, 1nþ/(1-y)l:lnþl(1-y)l+bt, and the linear form of
monomolecular model, ln[l/( 1-y)]:ln|l(l-y)l+bt, where y : percentage of leaf area with symptoms (LAS), y¿ : initial LAS,
/: days after inoculation.

0.1 1

0.19

0.09
0.22

0.09
0.23

Monomolecular -2.69

4
0.
0.

64
88

-2.22
-9.91

Inter

0.42
0.85

0.41
0.86

0.09
0.23

-3.34
-8.30

-3.12
-9.09

-3.8 I
-1 1.58

-3.23
-12.15

-3.23
- 13.3 6

-3.11
- 13.35

0.09
0.25

0.1 I
0.28

Year 2001

Slope ló

0.45
0.88

0.4s
0.88

0.s4
0.90

0.13
0.23

0.13

0.25

0.13
0.29

0.10
0.27

0.10
0.29

R2

0.11

0.89

0.73
0.94

0.65
0.95

0.42
0.84

0.40
0.82

0.38
0.78

0.10
0.29

.Þ
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Table 5.2. Comparison of the intercepts and rate parameters
ofthe mean disease progress curve and directional disease
progress curves of mycosphaerella blight in field pea with
the linear form of the logistic model

Year 2000 Year 2001
Intercept Slope Intercept Slope

0ò Ø\Directiono 0o) (b)
North -6.89 0.139
Northeast -7.01 0.136
East -6.42 0.136
Southeast -6.90 0.143
South -7.88 0.192
Southwest -8.65 0.208
West -8.39 0.199
Northwest -8.91 0.215
Mean" -9.15 0.215

-t0.64 0.251
-10.94 0.252
-10.84 0.250
-10.28 0.245
-10.03 0.240
- 1 0.83 0.258
-10.34 0.248
-11.2s 0.265
-11.12 0.258

" Directions relative to the inoculum source.
o Slop" (å) generatedby regressilg the linear form of
logistic model, lnþl( 1 -y)l:lnþ/ (l -y )l+bt, where
y : percentage of leaf area with symptoms (LAS),
y¿ : initial LAS, l: days after inoculation..

t Mean : the mean disease progress curve generated by
the mean perÇentages of LAS on nine assessment dates.



Table 5.3. Comparison of disease gradients of mycosphaerella blight of pea from the inoculum source over time

-

North' Northeast East Southeast South Southwest West Northwest
Day' b"'u b r b r b r b r b r b r b r

22 -0.018 -0.95 -0.017 -0.95 -0.017 -0.94 -0.017 -0.95

29 -0.080 -0.95 -0.046 -0.96 -0.096 -0.96 -0.063 -0.97

36 -0.053 -0.94 -0.047 -0.98 -0.032 -0.87 -0.039 -0.94

4l -0.081 -0.90 -0.084 -0.97 -0.079 -0.97 -0.077 -0.98

44 -0.086 -0.98 -0.076 -0.97 -0.054 -0.88 -0.067 -0.93

4g -0.127 -0.96 -0.108 -0.96 -0.108 -0.95 -0.109 -0.88

5l -0.413 -0.99 -0.258 -0.99 -0.263 -0.80 -0.173 -0.89

55 -0.545 -0.98 -0.507 -0.97 -0.485 -0.97 -0.463 -0.96

Year 2001

2g -0.017 -0.96 -0.017 -0.97 -0.018 -0.92 -0.018 -0.93

33 -0.029 -0.95 -0.003 -0.94 -0.003 -0.88 -0.028 -0.95

36 -0.033 -0.8r -0.033 -0.88 -0.067 -0.96 -0.060 -0.98

40 -0.104 -0.83 -0.077 -0.91 -0.138 -0.96 -0.109 -0.99

42 -0.106 -0.95 -0.106 -0.97 -0.097 -0.93 -0.094 -0.96

47 -0.136 -0.98 -0.161 -0.99 -0.261 -0.98 -0.200 -0.98

50 -0.166 -0.97 -0.188 -0.99 -0.264 -0.98 -0.227 -0.99

55 -0.105 -0.96 -0.140 -0.88 -0.060 -0.65 -0.062 -0.60

" Number of davs after inoculation at the inoculated area.
b Directions relátive to the inoculated area.

" Slope (å) generated by regressing ln(/) : -ln(a) - ås, where y : percentage of leaf area with symptoms (LAS) s : distance

. in meters from the edge of the inoculated area, and a is a constant of integration.
o r = Correlation coefficients of back-transformed predicted values versus the observed values. All are significant (P S 0.02).

-0.018 -0.91 -0.018 -0.95

-0.062 -0.98 -0.048 -0.95

-0.037 -0.94 -0.042 -0.98

-0.082 -0.99 -0.074 -0.96

-0.068 -0.91 -0.069 -0.98

-0.107 -0.97 -0.110 -0.97

-0.382 -0.94 -0.301 -0.94

-0.539 -0.97 -0.522 -0.96

-0.017 -0.88 -0.018 -0.94

-0.124 -0.85 -0.027 -0.96

-0.063 -0.98 -0.048 -0.95

-0.128 -0.99 -0.096 -0.98

-0.084 -0.93 -0.098 -0.98

-0.139 -0.87 -0.111 -0.92

-0.193 -0.98 -0.153 -0.95

-0.032 -0.61 0.111 -0.79

-0.018 -0.95 -0.016 -0,91

-0.048 -0.95 -0.035 -0.87

-0.042 -0.98 -0.044 -0.96

-0.074 -0.96 -0.074 -0.96

-0.069 -0.98 -0.072 -0.97

-0.1 10 -0.97 -0.081 -0.95

-0.301 -0.94 -0.266 -0.99

-0.522 -0.96 0.539 -0.97

-0.018 -0.94 -0.016 -0.91

-0.027 -0.96 -0.027 -0.94

-0.048 -0.95 -0.026 -0.81

-0.096 -0.98 -0.066 -0.86

-0.098 -0.98 -0.101 -0.96

-0.111 -0.92 -0.111 -0.98

-0.153 -0.95 -0.107 -0.97

0.111 -0.79 -0.143 -0.85



Table 5.4. Comparison of the mean disease gradients, directional gradients and disease decline of mycosphaerella bight
of
Directionu Intercept (i ) + SE Slope (å)b + SE R'" ro D.^'lm
Year 2000

North
Northeast
East
Southeast
South
Southwest
West
Northwest

Year 2001
No¡th
Northeast
East
Southeast
South
Southwest
West
No¡thwest

Mean gradient
Year 2000
Year 2001

-0.127 + 0.081 -0.054 + 0.009
-0.067 + 0.044 -0.040 + 0.004
-0.079 + 0.008 -0.024 + 0.001
-0.080 + 0.040 -0.014 + 0.034
0.016 + 0.020 -0.042 t 0.002
-0.142+0.067 -0.025 + 0.006
-0.180 + 0.075 -0.034 + 0.008
-0.169 + 0.056 -0.044 * 0.005

-1.017 +0.237 -0.183 + 0.025
-0.309 + 0.036 -0.064 + 0.003
-0.315 + 0.056 -0.021+ 0.006
-0.291 + 0.050 -0.020 + 0.004
-0.302 + 0.018 -0.009 + 0.002
-0.256 * 0.033 -0.075 + 0.005
-0.245 + 0.041 -0.049 * 0.005
-0.245 t0.062 -0.075 + 0.005

in the field for the last assessments
-0.101 + 0.034 -0.043 + 0.004
-0.313 * 0.038 -0.050 + 0.004

o Directions relative to the inoculated area.
b Slope (å) generated by regressing ln(y) : ln(a) - bs, where y : percentage of leaf area with symptoms(LAS), s : distance in
meters from the edge of the inoculated area, and a is a constant of integration.

?' : Coefficients of determination obtained by regressing the transformed observed values versus s with ln(y) = I¡(a) - ås
d r : Correlation coefficients of back-transformed predicted values versus the observed values with y : aer".-
lDro : distance in meters at which disease declined by 50%.
rDe6: distance in meters at which disease declined by 90%
s Mean gradients were derived from the mean percentages of LAS at each distance level.

0.90
0.95
0.99
0.ll
0.99
0.81

0.82
0.95

0.94
0.99
0.7s
0.82
0.84
0.98
0.96
0.98

0.97
0.97

-0.98
-0.98
-0.99
-0.88
-0.99
-0.90
-0.93
-0.97

-0.98
-0.99
-0.90
-0.88
-0.92
-0.98
-0.97
-0.91

-0.99
-0.98

10.5
1s.6
26.0
43.8
16.0
22.0
15.1

tt.9

1.8

6.0
18.0
21.2
43.5
10.9
9.1

6.0

13.8
7.7

40.3

55.8
94.2

15 8.8
55.2
86.4
62.4
48.5

7.0
31.I
94.6

105.9
222.3

60.2
42.0
21.4

51.3
40.2

{
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Fig. 5.3. Oriented semivariograms for LAS (%) caused by Mycosphaerella pinodes of pea on nine assessment dates in
2000 and 2001. A and E, within rows (0o). B and F,45o. C and G, across rows (90'). D and H, 135o. Semivariograms

were made on days 15 and 22 (o), days 22 and 28 (o), days 29 and 33 ( V ), days 36 and 36 (v), days 41 and 40 (r), days

44and 42 (o), days 48 and47 (r), days 51 and 50 (o), and days 55 and 55 (A) in 2000 and 2001, respectively.
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CHAPTER 6

VIRULENCE AND GENETIC VARIABILITY AMONG ISOLATES OF

MYCOSPHAERELLA PINODES

6.1 Abstract

Fifty eight isolates of Mycosphaerella pinodes, collected from western Canada, New

Zealand, France, Australia, the llK and lreland, were analyzed for pathogenic and genetic

variation according to their virulence on six differential cultivars of field pea (AC Tamor,

Bohatyre, Danto, Majoret, Miko and Radley) and amplified fragment length

polymorphism (AFLP) markers. The 56 isolates were classifîed into 15 pathotypes.

Pathotype 1 consisted of 31 isolates that were virulent on all six pea differential cultivars.

Pathotypes 14 and 15 consisted of eight isolates that were avirulent on all six differential

cultivars or virulent on one of six differential cultivars. The analysis of molecular

variance showed that 57.2%o of the total variation was caused by differences among

populations, and 42.8% was due to molecular diversity within populations. Phylogenetic

analysis of molecular variation of isolates showed that most of the Canadian isolates and

four Australian isolates formed two clustered groups, respectively, regardless of virulence

on the six differential cultivars. Isolates from New Zealand were geographically clustered

into two groups. However, the isolates from France, Ireland and the IIK were clustered

with the Canadian isolates.

Additional keywords: My cosphaerella blight
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6.2 Introduction

Mycosphaerella blight, caused by Mycosphaerella pinodes (Berk &. Bloxam)

Vestergren, is the most important foliar disease of field pea (Pisum sativum L)

worldwide (Béasse et al. 2000; Clulow et al. 1992; Kirkham 1992; Kraft et al. 1998;

onfroy et al. 1999; wroth 1998; Xue and Bumett 1994).In Canada, average dry seed

yield losses caused by this disease have been estimated at 70o/o, and losses of over 50%

have been reported in field trials (Wallen 1974; Xue et al. 1996).

Management for Mycosphaerella blight is limited to fungicidal seed treatment, crop

rotation (Béasse et al.. 2000; Lawyer 1984) and chemical sprays in a preventive and

systematic schedule (Béasse et al. 2000). However, each method has deficiencies. The

use of resistant cultivars would be the most effective and economical method.

Unfortunately, cultivars with high levels of resistance to Mycosphaerella blight are not

commercially available. Some promising resistance sources have been identified from

pea varieties and accessions tested in Canada (Xue and Warkentin 200I; Xue et al. 1996),

New Zealand (Kraft et al. 1998) and the UK (Clulow et al. 1992). Studies on genetic

analysis of resistance to M. pinodes showed that resistance is conferred by one, two, or

multiple genes (Clulow et al.1992; Rastogi and Saini 1984).

A number of pathotyp es of M. pinodes have been reported based on their reactions on

differential hosts in different countries. Specifically, 22 pathotypes were identified from

275 isolates in Canada (Xue et al. 1998); six in 'West Germany (Nasir and Hoppe 1991);

six in Poland and 15 pathotypes in Australia (Ali et al. 1978). In these studies, resistance

or susceptibility of differential cultivars were determined by host reactions, via a disease

severity scale. These contrasting results are most likely the results of not using uniform
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differential hosts, inoculum concentrations, environmental conditions, inoculation

methods or disease assessment scales.

Molecular markers, in combination with pathogenicity tests, have been used to

identify pathogen biotypes or races (Chakraborty et al. 1999; Crowhurst et al. 1991;

Pongam et al. 1999). Pathogen population dynamics, evolutionary relationships between

pathogen races (Chen et al. 1993), geographical distribution and genetic diversity of

pathogens (Gonzëúez et al. 1998), and differentiation of pathogen species with similar

phenotypic characters (Harrington et al.2000; Huang et al. 1995; McDonald 1997)have

also been studied using molecular markers. There are many molecular techniques that can

be used for assessment of molecular variation in plants and pathogens. Amplified

fragment length polirmorphic DNA (AFLP) is more efficient in rapidly regenerating

genotype data for large numbers of individuals, including plants (Hill et al 1996), bacteria

(Janssen et al. 1996) and fungi (Pongam et al. 1999) . Gonzâlez et al. (1998) demonstrated

that four AFLP combinations could generate band numbers four times higher than ten

primers of random amplified polymorphic DNA (RAPD), and the number of

polymorphic bands was three times higher than that produced by the RAPD primers.

Molecular markers have been used in the studies of Ascochyta blight complex on field

pea caused by three related species, Ascochyta pisi Lib., M. pinodes and phoma

medicaginis var. pinodel/a (Jones) Boerema (Onfroy et al. 1999). Ascochyta pisi was

clearly distinguished from M. pinodes and P. medicaginis var. pínodella using RAPD

markers (Bouznad et al. 1995) and restriction fragment length polimorphism (RFLP) of

rDNA spacers (Faris-Mokaiesh et al. 1996). Onfroy et al. (1999) distinguished M.

pinodes from P. medicaginis var. pinodella using RAPD markers and demonstrated that
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the two species had low intraspecific genetic variability. Information concerning

pathogenicity and genetic variation among isolates of M. pinodes is lacking. Therefore,

the objectives of this study were: i) to test virulence of M. pinodes isolates on six

differential hosts to determine pathotypes of the isolates tested, and ii) to analyze the

relationship between virulence and genetic variation among isolates of M. pínodes.

6.3 Materials and methods

6.3.1 Collection and culture of fungal isolates

A total of 58 isolates of M. pínodes collected from diseased field pea plants were used

in this study (Table 1). Of these isolates, 33 were collected from fields in Manitoba (MB),

Saskatchewan (SK) and Alberta (AB), Canada. Because M. pinodes, A. pisi, and p.

medicaginis var. pinodella all can cause blights on peas, M. pinodes was distinguished

from A. pisi and P. medicaginis var. pinodella according to the characteristics of

pathogens and symptoms described by Lawyer (1984). Canadian isolates were identified

and characterized in Allen Xue's laboratory. The 11 isolates from New Zealand (NZ),2

from the United Kingdom (UK), and 5 from Ireland (IR) were identified and provided by

Dr. J. Kraft at the USDA-ARS, Irrigated Agriculture Research and Extension Centre,

Prosser, WA in 1999. The 3 isolates from France (FR) and 4 isolates from Australia (ALr)

were identified and provided by Dr. B. Tivoli at Institute National de la Recherche

Agronomique (INRA), Centre de Recherches de Rennes, Domaine de la Motte, France,

and by Dr. J. Davidson, South Australia Research and Development Institute (SARDD,

Adelaide, South Australia in 1999, respectively. These isolates were cultured, single

spored and isolated at AAFC-Morden Research Centre, before being tested. To obtain
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single pycnidiospore isolates, pure cultures were generated by isolation of the pathogen

from diseased leaves and stems. Approximateiy 5 mm2 of diseased leaves or stems were

surface-sterilized for 1.5 min in 0.05% sodium hypochlorite. The tissues were then rinsed

in sterile water three times, placed on sterile filter paper to remove excess water, and

cultured on potato dextrose agar (PDA) in petri dishes for 14 days. Pycnidiospores from

resulting cultures were spread on water agar and incubated for 24 h. Single germinating

pycnidiospores were transferred onto PDA with the aid of a dissecting microscope. All

cultures were incubated at room temperature (20-24"C) with a 14-h photoperiod under

cool white fluorescent lamps. Resultant single spore cultures were maintained on PDA

slants, and stored in the dark at 3"C.

6.3.2 Differential pea cultivars

Six cultivars of field pea were used as differentials. Of these, 'AC Tamor' was

susceptible to all isolates tested in the previous study (Xue et al. 1996).'Danto' was used

as a differential host in similar studies in Canada and West Germany, where it was

resistant to I0o/o and 98o/o of M. pinodes isolates, respectively (Nasir and Hoppe I99I;

Xue et al. 1998). 'Majoret' and 'Radley' were moderately resistant to disease in a

previous study in westem Canada, while 'Miko and Bohatyr' were susceptible

differential cultivars in western Canada (Xue and Warkentin 2001; Xue et al. 1996). For

each cultivar, eight seeds were sown in a20-cm diameter plastic pot containing a mixture

of soil, sand and peat (2:2:I v:v:v), with three replicate pots per isolate. Pots were placed

in a growth chamber at20"C and 14-h photoperiod with a light intensity of 360 ¡rmol m-2

s-r. Plants were thinnedto 4plants per pot prior to inoculation.
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6.3.3 Inoculum preparation and plant inoculation

Pycnidiospores of M. pinodes from 2-wk-old single spore cultures on PDA were used

for inoculation. The spores were harvested by flooding the cultures with distilled water

containing 0.05% Tween 20 and scraping gently with a sterile glass slide to dislodge

spores. The spore suspension was filtered through with two layers of cheesecloth and

adjusted to approximately 106 pycnidiospores/ml with a hemacytometer. The plants were

inoculated at araÍe of 0.5-ml inoculum suspension per plant using a De Vilbiss model 15

atomizer (The De Vilbiss Co., Somerset, Pennsylvania) at the 4 to 6 node stage

approximately 2 wk after seeding. After allowing the inoculated plants to dry for 30 min,

the plants were transferred to a polyethylene-covered humidity chamber. Humidity in the

chamber was maintained by continuous operation of an ultrasonic humidifier. Air

temperature and humidity in the chamber were 2011'C and 100% RH, respectively. The

plants were maintained in the humidity chamber for 48 h in the dark, and subsequently

returned to the growth room with a 14 h photoperiod at 20'C. Pea genotypes were

arranged in a completely randomized design. Three pots of each variety sprayed with

0.05% Tween 20 were included with each inoculation as checks against extraneous

airborne inoculum.

6.3.4 Observation of days between inoculation and symptomatic appearance (DISA)

and disease assessment

To calculate the DISA, symptom development on leaves from the time of inoculation

with all the isolates on the six varieties was observed every day up to six days. By the

sixth day all plants were symptomatic. Disease severity was assessed for each plant 10
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days after inoculation. Those isolates that showed a specific genotype x isolate

interaction, but with lower disease severity on six differential cultivars, were tested twice

in each test.

Disease severity on leaves and stems was rated 10 days after inoculation using a 0-5

scale modified ffom Nasir and Hoppe (1991) and Xue et al. (1998). The disease severity

was based on a 0-5 scale where: 0, symptomless; 1, a few small flecks on leaves; 2, less

than I0o/o of plant surface area covered by lesions, but no symptoms on stem; 3,

numerous necrotic flecks and few large lesions on leaves and stems but covering less than

50o/o of plant area; 4, large, coalescing lesions on leaves and stems and covering more

than 50o/o of plant area but plants surviving; and 5, large, coalescing lesions on leaves and

girdling lesions on stems, plant withering and dying. Differentials with scores 0, I and 2

were classified as resistant and scores 3,4 and 5 were considered susceptible responses.

The virulence test was repeated twice.

Analysis of variance was conducted to compare the genotypic differences in partial

resistance to 56 isolates on six pea genotypes and differences in isolate virulence. The

mean DISA or the mean severity of each variety to 56 isolates were separated by the

Duncan's multiple range test (DMRT) at P: 0.05. Statistical analysis was performed

using SAS (SAS Institute Inc., Cary, NC, USA).

6.3.5 DNA preparation

The biomass of each isolate v/as prepffed by using 75 mI of PDA broth, inoculated

with 0.5-ml suspension of pycnidiospores (approximately 106 ml-t) of each isolate and

incubated for 4 days with agitation in the laboratory at room temperature. Mycelia were
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harvested by vacuum filtration through two layers of sterilized Miracloth (Calbiochem,

CN Biosciences, Inc. La Jolla, CA) and rinsed with sterile water twice, then stored at -
80'C until lyophilized. DNA of isolates was extracted essentially by the method

described by Lodhi et al. (1994). All DNA extracts were quantified by a

spectrophotometer and adjusted to a final concentration of 5 ngl¡rl for AFLP analysis.

6.3.6 AFLP analysis

AFLP assays were performed with the AFLP Analysis System II (Life Technologies,

Inc. Caithersburg, MD) following the manufacturer's instructions. Fungal, genomic DNA

was digested by restriction endonucleases EcoRI and Msel,ligated to EcoRI and MseI

adapters, and amplified by PCR, using primers that contain the common sequences of the

adapters and one to two arbitrary nucleotides as selective sequences.

Primary template DNA was prepared in a one step restriction ligation reaction. Fungal

genomic DNA (250 ng) was digested by EcoRI and MseI af 37'C for 2 h and heated to

70"C for 15 min to inactivate enzymes. The DNA fragments were ligated to EcoRI and

MseI adapters for 2 h at 22"C. After terminating the reaction, the ligation mixture was

diluted three-fold with TE buffer and stored at -20"C. These ligated fragments served as

templates in the preamplification reaction. The primers used for the preamplification PCR

were EcoRI primer 5'-AGACTGCGTACCAATTC-3' and MseI primer 5'-

GACGATGAGTCCTGAGTAA/C-3' (MseI+C¡. The preamplification reaction was

performed in a 25 ¡rl reaction containing 7 .2 ¡tl template DNA, 30 ng each of primers, I

U of Taq polymerase (Fisherbrand), 100 mM Tris-HCL (pH 8.0), 500 mM KCL, 1.5 mM

MgCL2, and 0.2 mM each of dNTPs. The fragments were preamplified by 20 PCR cycles
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in a PTC 100rM programmable thermal controller (MJ Research Inc., Boston,

Massachusetts), using a temperature profile of 94'C for 30 s, 56"C for 60 s, and 72"C for

60 s in each cycle, as described by Vos et al. (1995). The samples of the preamplified

fragments were diluted i0 fold to be used as DNA templates in selective amplification.

For selective amplifìcation of restriction fragments, six EcoR[ selective primers with

two selective nucleotides were used as follows: EcoRI +AA, +AC, +AG, + AT, * TA, or

+TT. The effectiveness of each of these primers was evaluated in combination with

selective primer MseI + C. The selective amplification was performed in a20 pl reaction

containing 2 pl diluted product of preamplification reaction, 5 ng of EcoRI primer and 30

ng of MseI*C primer, 1 U of Taq polymerase (Fisherbrand), 100 mM Tris-HCL (pH 8.0),

500 mM KCL, 1.5 mM MgCL2, and 0.2 mM each of dNTPs. The temperature profile of

the selective amplification PCR was one cycle at 94'C for 60 s, 65'C for 60 s, and72"C

for 90 s and then the arurealing temperature was lowered during each cycle by l"C for 9

cycles. The remainder of the amplification was 23 cycles at 94'C for 30 s, 56'C for 30 s,

and 72'C for 60 s. The 4 prl of the selective amplification PCR product in each shark-

tooth comb-formed well was separated by electrophoresis, using a denaturing 5 % (wil

vol) polyacrylamide DNA sequencing gel containingT.5 M urea. Silver staining was used

for staining DNA bands. The gel plate was placed in a fixing solution (10% of glacial

acetic acid) and shaken for 30 min until the tracking dye disappeared. After rinsing three

times for 2 min each time in distilled water, the gel was placed into a staining solution (2

g silver nitrate and 3 ml3lo/o formaldehyde in 2 I distilled water) and shaken for 30 min.

The gel was then dipped in distilled water for 2 s and placed immediately into developing

solution stored at 4"C (102 g sodium carbonate, 6 ml of 37%o formaldehyde and 800 pl of
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sodium thiosulphate [10 mglml] in 4 l distilled water). The gel was agitated in the

developing solution until clear bands were visible and the fixing solution was added to

stop the developing reaction. The gel was rinsed with distilled water and dried by air for

band evaluation. PCR repetitions using the same set of primers and isolates and different

DNA preparations of the same isolates were conducted to check the repeatability of

results.

The presence and absence of all fragments between molecular sizes of 50 and 500 base

pairs (bp) were scored in each of the 58 isolates. Bands representing molecular sizes

larger than 500 bp were not scored because the resolution was insufficient to discriminate

between bands of various molecular sizes. The data matrix was analyzed based on the

assumption that co-migrating bands in AFLP gels were homologous. The phylogenetic

tree was built using Unweighted Pair Group Means Analysis (llPGMA), which was

performed by the software NTSYSpc 2.1 (company, address). To determine the

robustness of the dendrogram, the presence or absence of data were resampled by

replacement with 1000 bootstrap replicates. The analysis of molecular variance

(AMOVA, online as Arlequin software, hosted by the Dept. of Anthropology, Univ. of

Geneva, Switzerland; http:/llgb.unige.chlarlequin) is used for partitioning molecular

variance between and within populations.

6.4 Results

6.4.1 Virulence test

All isolates caused symptoms on the six differential cultivars. Highly significant

differences in disease severity were detected among pea genotypes, fungal isolates and
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genotype x isolate interactions (Table 6.2). The greatest differences were observed

among the isolates, showing that virulence of isolates was the major factor that

contributed to the variance. Genotype x isolate, although a smaller component of

variation than isolate or genot)ipe, was also significant (Table 6.2). Higher levels of

disease severity was observed 10 days after inoculation on the susceptible cultivars AC

Tamor and Miko, while the lowest disease severity was observed on Danto (Table 6.3).

Most isolates from Canada were virulent on the six differential hosts. Four isolates from

New Zealand (N202, N207, NZ09 and NZl i), four from Australia (4U01 , ArJ02, AU03

and AU04), one from the llK (lJK01), one from Ireland (IR01) and one from

Saskatchewan (SK02), were significantly less virulent than most of the other isolates

tested (Table 6.3). Disease severity caused by each of these 11 isolates on most of the

individual differential hosts was lower than or equal to 2.0. A continuous wide variation

in virulence was observed based on disease severity on the individual differential

cultivars (Table 6.3). Of the six differential varieties, Danto, being less severely affected

by the pathogen, was resistant to 20 out of 56 isolates tested (disease severity < 2.0). AC

Tamor was susceptible to 50 out of 56 isolates, being the most susceptible differential

host. Other differential hosts were resistant to 11 to 16 isolates.

The severity reaction of 56 isolates to the susceptible cultivar AC Tamor ranged from

1.0 to 5.0 and to the resistant cultivar Danto from 0.3 to 5.0. Duncan's multiple range test

on disease severity on each differential host showed a continuous wide variation of

virulence among the isolates tested (Table 6.3). The 56 isolates can be grouped into 15

pathotypes based on disease reactions on the six individual differentials (Table 6.4).

Pathotype 1 consisted of 31 isolates (23 from Canada,6 from New Zealand, I from
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Ireland and I from the IIK), was the most numerous and virulent to all six differential

hosts. Pathotype 15 consisted of 5 isolates (2 from Australia, 2 from New Zealand and 1

from the [IK) was the second and much less virulent to ali differentials. Other pathotypes

each contained 1 to 4 isolates and were virulent to 1 to 5 differentials.

6.4.2Days between inoculation and symptomatic appearance (DISA)

Symptoms of Mycosphaerella blight occurred on the most susceptible variety AC

Tamor usually within 2 to 4 days after inoculation and on the most resistant variety Danto

within 2 to 6 days (Table 6.5). Significant differences of DISA were observed among the

isolates and differential hosts (Table 6.2). The mean DISA of 56 isolates on AC Tamor,

Bohatyre and Miko were 2.6 to 2.7 days, which was significantly shorter than the 3.3

days of DISA on the resistant variety Danto (Table 6.5). Thirty-three isolates, the

majority of which were from Canada, had a significantly shorter DISA (<3.0 days) than

those (14 isolates) from other countries with a longer DISA (>3.8 days). Four isolates

from Australia had a significantly longer DISA (>3.8 days) than those with shorter than

3.2 days of DISA. A continuous wide variation of DISA was observed among the isolates

tested.

6.4.3 AFLP analysis

The 86 polymorphic DNA fragments generated by six AFLP primer combinations

\ilere scored as discrete character data. AMOVA analysis showed that 57.2o/o of variation

was caused by differences among populations, and 42.8% was due to molecular diversity

within populations. The dendrogram produced from combined AFLP data from six
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primer pair sets was used to assess relatedness among isolates (Fig. 6.1). The 58 isolates

were clustered as two distinct groups using UPGMA with the genetic distance

coefficient. The four isolates from Australia were clustered in one group although the

differences in virulence between AU03 and other three Australian isolates were

significant (Table 6.3) and the mean DISA of AU03 on the six differential hosts was also

significantly different from AU01 (Table 6.5). All isolates from other countries were

clustered together in another group, within which five isolates collected from Gore, New

Zealand (N201, N202, N203, NZ04 and NZ05) were clustered in one subgroup, while

the other six isolates from Saunders, New Zealand were clustered into another distinct

subgroup (N207, N208, N209, NZ10 and NZ11). All Canadian isolates in different

pathotypes were clustered within one subgroup with a lower genetic distance coefficient

(<0.04) except for four isolates (SK05, SK06, AB02 and MB03). Two isolates (UKl and

UK2) from the UK with signifîcantly different DISA and virulence in different

pathotypes were clustered together. These results showed that the isolates from Canada,

New Zealand, Australia, and the LIK in this study were geographically clustered together,

respectively. However, the isolates from Ireland and France did not display this character.

Three isolates from France were closely clustered with Canadian isolates in genetic

relationship, while the isolates from Ireland did not show an obvious genetic relationship

with other isolates. Significant differences in virulence and DISA of isolates were

detected within the same cluster although the isolates in the same cluster had higher

genetic similarity such as isolates in the Australian isolate cluster (Fig.6.1, Table 6.3 and

6.5). The isolates in the same pathotype could also fall into different cluster (for example,
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pathotype 1). Therefore, virulence \Ã/as not correlated to the genetic variation of the

isolates in this study.

6.5 Discussion

Fifteen pathotypes were detected in a collection of 56 isolates of M. pinodes based on

the reaction pattems of the isolates on the six differential dry pea cultivars of Pisum

sativum. Pathotype 1, in which all isolates were virulent to each of the six differential

hosts, consisted mainly of isolates from Canada and New Zealand. Twenty-three of 32

Canadian isolates (7I.9%) and 6 of i0 isolates from New Zealand (60%) were classified

as this pathotype. Xue et al. (Xue et al. 1998) tested the pathogenicity of 275 isolates

from Canada on nine differential hosts; 80% of those isolates belonged to pathotype 1,

which were virulent to all nine differential hosts used in their experiments. Although the

differential hosts used in our study differed from the previous research, our results agree

with the previous conclusions, suggesting that the M. pinodes population in Canada is

composed of virulent isolates and is relatively homogenous in virulence. In addition, the

isolates from Canada were generally more virulent than the isolates from other countries.

All eight less virulent isolates, comprising pathotypes 14 and 15, were collected from

other countnes. M. pinodes is readily transmitted in seed. In Canada, frequent exchange

of breeding materials may facilitate the movement of the pathogen between provinces

and thus maintain homogenicity in virulence among isolates of M. pinodes.

Danto was considered the most resistant differential cultivar in previous reports

(Nasir and Hoppe l99l; Xue et al. 1998). In the present study, it was resistant to 20 of the

56 isolates. Although Danto was susceptible to 85Yo of Canadian M. pinodes isolates, its



t25

overall disease severity was lower than that of other individual differential hosts. The

fact fhat Danto is the most resistant over time and in different countries, as well as its

lineage-wide resistance to M. pinodes populations, suggests that the resistance of Danto

may be relatively stable. This information is important for breeders interested in

developing durable resistance fo Mycosphaerella blight.

Although a number of pathotypes of M. pinodes have been identified in several

countries, it is difficult to compare the pathotypes from different studies due to the use of

different evaluating criteria, such as different numbers and genotypes of differential

hosts, and inconsistent scales of disease resistant assessments. In addition, it was reported

that the level of inoculum pressure (Nasir and Hoppe i991) significantly affects the

expression of symptoms. An excessive inoculum pressure might mask the difference

between resistance and susceptibility among pea varieties (Wroth 1998). Previous

research has found no correlation between foot rot and foliar disease scores (Nasir and

Hoppe 1991; Wallen 1974), suggesting that pathotypes from the respective assessment on

foot and foliar symptoms may be different. In addition, it was reported that foliar, stem

and pod blights were more severe at plant maturity than at the seedling stage, suggesting

that the evaluation for seedling resistance does not address adult plant resistance and

might lead to an erroneous explanation of adult resistance (Ali et al. 1978; Kraft et al.

1998). Therefore, there is a substantial need for the development of a set of genetically-

def,rned differential hosts such as near-isogenic lines with the difference of single

resistance genes and a standard procedure for resistance assessment to standardize and

compare the results from different studies.
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Virulence data alone may not reflect the true genetic variability and evolutionary

history of the isolates studied. For example, isolates that are genetically distinct may have

similar or identical virulence patterns because they have been subjected to the same

selection pressure by a common set of hosts. Molecular markers that are selectively

neutral and randomly distributed in a genome can provide additional useful information

on genetic variation of pathogen populations (Pongam et al. 1999). The AFLP approach

is objective, repeatable, and unaffected by environmental factors, and it provides a direct

assessment of genetic relationships of the fungai isolates at the DNA level. This study

showed that the AFLP technique was useful for the charucteization of intraspecific

variation among the M. pinodes isolates. Six primer combinations enabled the

amplif,rcation of more than 500 fragments, of which l7o/o were polymorphic.

Various studies have shown that it is only on rare occasions that all isolates originating

from the same host have been found to be genetically or molecularly similar (Woo et al..

1998). In these cases, plants with different genotypes may have a biological role in

applying selection pressure on the pathogen. For example, González et al. (Goruâlez et

al. 1998) found that a perfect correlation between genotype and pathotype of

Colletotrichum lindemuthianum (Sacc. & Magnus) Lams.-Scrib. on conìmon bean is

seldom observed. However, a correlation between the defined cluster and locations where

isolates were collected could be established. In their analysis, the host selection may

direct geographic distribution of isolates. In the present study, the four isolates from

Australia were clustered in a distinct group although there were significant differences

detected in virulence among isolates. Similarly, fîve isolates collected in Gore and six

from Saunders, New Zealand were clustered in two separate groups, regardless of
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diversity of virulence. However, we do not have sufficient data to corroborate the

selection pressures that resulted in geographical clusters of the isolates from Australia

and New Zealand. Specific pea genotypes growing in these regions might also be one

important selection pressure.

Most Canadian isolates were clustered in a subgroup and further divided into

subgroups in lineage, but these subgroups were not widely divergent in genotype. Seeds

contaminated by the pathogen are one of the most important sources of long distance

dissemination of M. pinodes. It is possible that the frequent exchanges of field pea

breeding lines in western Canada have led to movement of the pathogen so that the

isolates in Canada are relatively genetically homogenous. In addition, as reported for

other host-pathogen interactions, higher complexity in terms of cluster number in

phylogenetic analysis was considered as a consequence of a greater period of crop

cultivation. The limited number of these clusters was taken to reflect the limited period of

crop cultivation in a production area (Talbot 1998). Canadian isolates of M. pinodes were

divided into many discrete clusters with small differences in genetic similarity. This

status might be caused by the selection of various varieties on the M. pinodes population

during a relatively long period of cultivation.

Two isolates from the UK fell into two distinct pathotypes. However, this could not

charactenze the pathogenic variation and molecular diversity of M. pinodes populations

in the UK due to the insufficient number of isolates tested. On the basis of the results of

this study, the lineage of Australian isolates determined by AFLP analysis seemed to be

associated with their virulence, where all four Australian isolates were less aggressive on

six differential hosts although they were classified into different pathotypes. The isolates
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from France and the IIK had higher similarity with Canadian isolates and were closely

clustered with Canadian isolates, suggesting that transcontinental movement of the

pathogen might occur and the pathogen might be dispersed over a large geographical

area, perhaps by seed exchange.

Australian isolates and the remainder of isolates tested were clustered in two distinct

lineages. The genotypes that were detected among four Australian isolates were different

from those of Canadian isolates. We do not have sufficient data to infer the causes of the

genotypic differences. Sexual reproductive isolation is one of the most important

assumptions for molecular divergence among species (Bowden and Leslie 1999). The

longer the period of isolation of reproduction, the greater the divergence in genotypes

because no genetic exchanges have occurred between isolates from isolated regions.

Further work needs to be conducted by analyzing more Australian isolates and

investigating the pathogen movement with hosts to confirm whether Australian isolates

have been genetically isolated from isolates from other countries.

There were a number of cases where a cluster contained two distinct pathotypes,

suggesting that both distinct pathotypes had evolved from a recent common ancestor

(Levy et al. 1993). In contrast, a pathotype v/as composed of more than one cluster,

indicating that convergent pathotype evolution can occur from genetically distinct

ancestors (Levy et aI. 1993). These two types of patterns were also found in our study.

For example, the cluster composed of five isolates from New Zealand contained the

isolates from two pathotypes, N201, N203, NZ04 and N05 from pathotype 1 and NZ02

from pathotype 15, suggesting five isolates might originate from a coÍtmon ancestor, but

pathogenicity for isolate NZ02 was divergent from the other four isolates. Pathotype 1
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contained several clusters composed of isolates from different countries sampled,

suggesting this pathotype might evolve from isolates with different recent ancestors.

However, four Australian isolates were relatively correlated between pathotype and

molecular similarity, suggesting that they were relatively stable in origin.

Based on virulence test data and AFLP analysis, all isolates from Canada, New

Zealand, Australia, France and Ireland were classified into 15 pathotypes. Isolates were

genetically clustered based on geographic locations, rather than pathotypes. Most

Canadian isolates belonged to pathotype 1 with higher virulence, and remained relatively

genetically homogeneous. These results presumably showed that no specific race existed

in the field in Canada, and breeding programs would develop local horizontal resistant

pea varieties.
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Table 6. 1. Geographic origin and collection date of 58 Mycosphaerella pinodes isolates"
Orisin Year of collection Isolate Origin Year

MBOl
MB02
MBO3

MBO4

MBO5

MBO6
MBOT

MBOS

MBO9

MBlO
MBI 1

MB12
MB13
MB14
MBI5
MB16
MB17
MB18
SKOl
SKO2

SKO3

SKO4

SKO5

SKO6

SKOT

SKOS

ABOl
ABO2

ABO3

t996
1996

1996

1996

199s

1994

1994

1994

t994
1994
2000
2000

2000

2000

2000
2000

2000

2000

t995
1996

1996

1996

1995

1996

1996

r994
1996
1996

t995

AB04
ABO5

ABO6

ABOT

UKOl
UKO2

NZOl
NZO2
NZO3

NZO4

NZO5

NZO6

NZOT

NZOS

NZO9
NZlO
NZl1
IROI
IRO2

IRO3

IRO4

IRO5

FROl
FRO2

FRO3

AUOl
AU02
AUO3
AUO4

1995

t99s
1995

1994

r991

1991

1999

1999

1999

1999

1999

1999
1999

1999

1999
1999

1999

1999

1999

t999
1999

1999

1999

1999

t999
1999

1999
1999
1999

Baldron, MB
Elm Creek, MB
Darlingford, MB
Osborne, MB
Foxwaren, MB
Darlingford, MB
Dunrea, MB
Plum Coulee, MB
Gladstone, MB
Morden, MB
Morden, MB
Morden, MB
Morden, MB
Morden, MB
Morden, MB
Morden, MB
Morden, MB
Melfort, SK
Valparaiso, SK
Redvers, SK
Carlyle, SK
Saskatoon, SK
Melfort, SK
Lashburn, SK
Bently, SK
Lacombe, AB
Three Hills, AB
Barrhead, AB

Pine Lake, AB
Aspelund, AB
Lacombe, AB
Rimbey, AB
Norwich, UK
Norwich, UK
Gore, New Zealand
Gore, New Zealand
Gore, New Zealand

Gore, New Zealand
Gore, New Zealand
Saunders, New Zealand
Saunders, New Zealand
Saunders, New Zealand
Saunders, New Zealand
Saunders, New Zealand
Saunders, New Zealand
Ireland
Ireland
Ireland
Ireland
Ireland
Rennes, France

Rennes, France

Rennes, France

Australia
Australia
Aushalia
Australia

SK and AB represent the provinces, Manitoba, Saskatchewan and Alberta, Canada,respectively. NZ, IR, FR
and AU represent New Zealand,Ireland, France and Australia, respectively.



131

Table 6. 2. Analysis of variance of disease severity and days between inoculation
and symptomatic appearance (DISA). period caused by 56 Mycosphaerella. Pinodes
isolates on six pea genotypes
Source ofvariance df Meansquare F P>F

Disease severity
Genotype
Isolate
Genotype x isolate
Error

DISA
Genotype
Error
Isolate
Error

5

55
215
330

5

330
55

280

20.17
26.87
t.l1
0.15

4.51
1.01
A1a

0.36

134.52 <0.0001
11891 <0.0001

1-41 <0.0001

4.47 0.0006

13.12 <0.0001
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Table 6. 3. Disease severity of 56 isolates of Mycosphaerella pinodes on six
differential pea cultivars (Pisum sativum)u

AC Tamor Bohatvr Danto Maioret Radlev Miko
MBO3
SK05
MB17
MBIO
ABOT
IRO5

NZOS

MB15
SKO6
MBO2
MBO6
NZO3
SK04
MBIS
SKOI
UKO2
AB04
ABOI
NZO5
NZO6
MBl I

MB09
MBOT
MBI6
MB14
MBOl
AB02
NZO4
SKOS
MB05
MB04
FRO3

MBOS
IRO3

SKO3

NZOl
SKOT

AB03
MBI3
IRO2
ABO5
IRO4
MBI2
FROl
FRO2

NZ07
AUO3
SKO2

NZO2
NZl I

NZO9
UKOI
AUOI
IROI
AUO2
AUO4
Meanb

5.0a
5.0a
5.0a
5.0a
5.0a
5.0a
5.0a
5.0a
5.0a
4.6a-c
4.1ef
5.0a
5.0a
5.0a
5.0a
5.0a
4.3b-e
5.0a
4.8ab
4.5a-d
5.0a
3.5gh
3.6f-h
4.7ab
3.6f-h
3.1g-i
4.2c-e
4.0d-f
4.0d-f
4.3b-e
4.5a-d
4.3b-e
4.6a-c
3.9e-g
3.5gh
3.4gh
2.8jk
3.4gh
4.0d-f
2.8jk
3.8e-g
2.gi-k
3.8e-g
231m
3.49h
l.9mn
3.9e-g
2.5k1
2.6k1

l.3op
1.7no
l.op
l.op
2.21m
3.4gh
l.op
3.7a

5.0a
5.0a
5.0a
5.0a
4.6a-c
4.5a-d
4.4a-d
4.8ab
3.8d-h
4.7a-c
4.9a
4.8ab
4.5a-d
5.0a
5.0a
3.9d-h
4.8ab
4.3a-e
3.9d-g
3. th-k
3.8d-h
4.0c-e
3.8d-h
3.6e-j
3. lh-k
3.9d-g
3.8d-h
5.0a
4.lb-e
3.5e-k
3.8d-h
3. r h-k
3.2f-k
2.Omn
3.9d-g
2.8kt
3. th-k
3.9d-g
3.1h-k
2.21m
2.Omn
1.6m-p
2.31m
3.0i-k
2.6k1
2.Omn

2.8j-l
1.2o-r
1.4n-q
l.8m-o
l.7m-p
1.Zp-r
l.0p-r
0.5r
1.Oq-s

l.0p-r
3.3a-c

5.0a
5.0a
4.9ab
4.8a-c
5.0a
4.5a-g
4.8a-d
4.3b-h
4.'/a-e
4-7a-f
4.0f-i
4.9ab
4.3c-h
3.8g-k
3.9e-j
3.2k-n
3.7h-k
3.7h-l
3.4j-m
4. 1e-i

2.8mn
3.5i-m
4.0g-i
3.Omn

4- I d-i
3.Omn
3.1I-n
4.2c-h
3.3j-n
2.8mn
l.9p-r
2.3op
l.5q-s
2.7no
3.7h-l
2.lpq
1.5q-s
1.0s-u
I.2s-u
1.9p-r
2.3op
3.Omn

l.3s-u
l.6q-s
l.3r-t
1.1s-u
1.0s-u
l.3r-t
1.4rs

1.0s-u
L0s-u
1.Os-u

1.0S-u
0.7uv
0.3vw
0.8rv
2.9c

5.0a
5.0a
5.0a
4.9ab
4.8ab
5.0a
4.8a-c
4.3a-e
4.6a-d
4.2a-f
5.0a
4.3a-f
4.4a-e
3.4f-l
3.1h-m
4.lb-g
3.8e-j
3.8e-k
3.9c-h
4.8a-c
3.6e-l
3.9d-i
3.3g-m
3.0i-m
2.1|-n
4.0c-g
3.0i-m
3.6e-l
2.7\-n
3.1h-m
2.5m-o
2.9k-m
1.3p-r
3.4f-l
2.6m-o
3.5e-l
L7o-q
3.5f-l
1.3p-r
2.8k-n
2.0n-p
2.4m-o
2.8k-n
1'7pq
2.4m-o
I . 1q-s
1.0q-s
1.Oq-s

1.0q-s
1.Oq-s

L0q-s
l.0q-s
1.0q-s
0.5r-t
0. lt
0.9q-s
3.0bc

5.0a 5.0a
5.0a 5.0a
5.0a 5.0a
5.0a 4.8ab
5.0a 4.8a-c
4.8a 5.0a
4.8a 5.0a
5.0a 5.0a
5.0a 5.0a
5.0a 4.8a-c
5.0a 4.9a
4.5a-d 4.1d-h
4.4a-d 4.7a-d
4.8a 4.8a-c
4.6a-c 5.0a
5.0a 4.9a
4.7a-c 4.4a-g
4.8a 4.0e-i
4.7a-c 4.I e-i
4.8ab 3.4i-k
4.3a-d 4.0e-i
4. I b-d 4.5a-e
4.0cd 4.5a-e
4.6a-c 4.0f-i
4.7a-c 4.3b-h
5.0a 3.4i-k
3.3ef 4.9a
2.7f-i 2.5m-o
2.9fg 3.8g-j
2.7f-i 3.8g-j
3.0fg 3.3j-l
l.9i-m 4.3a-g
4.0cd 4.2c-h
3.8de 2.81-n
l.8k-n 3.0k-m
z.sh-j 3.8f-j
3.9cd 4.ld-h
1.41-p 3.1k-m
2.7f-i 3.1k-m
2.0i-l 3.6h-k
2.3h-k 1.8pq
1.5k-o 2.5m-o
1.2n-p 2.5m-o
2.3h-k 2.2n-p
l. L-p 1.9o-q
2.8f-h 3.'ts-i
L0o-q 2.6m-o
2.5e-j l.óp-r
0.8p-r 1.4qr
1.3m-p l.8pq
I .Oo-q 1.5p-r
l.0op 1.3qr
L0o-q 1.0rs

0.9p-r l.0rs
0.5rs 0.5s
0.3s 0.5s
3.3bc 3.4ab
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oDisease was scored l0 days after inoculation using a 0-5 scale. Disease severity
with the same letter in columns are not significantly different at P: 0.05 (DMRT).

oM"uo 
disease severity in the rows was calculated by averaging disease severity

caused by 56 isolates on each differential cultivar.



Table 6.4. Fifteen pathotypes differentiated from 56 Mycospltaerella pinodes isolates based on reactions of six differential

Patho
1

Pisum saÍivum

MBO1, MBO2, MBO3,
MBO5, MBO6, MBO7,
MBO9, MBIO, MBlI,
M814, M815, M816,
MBI7, M818, SKOI,
SKO4, SKO5, SKO6, SKO8,
ABOI, ABO2, ABO4,
ABO7,NZOI, NZO3, NZO4,
NZOs, NZO6, NZO8, IRO5,
UKO2
MBO4
FRO3
MBO8, M813, SKO7, FRO1

IRO3

SKO3
ABO3, MB12,IRO2
ABO5
IRO4
FRO2
NZOT R
AUO3
SKO2
AUO2,IRO1, NZO2
NZO9, N211, UKOI, AUO1, R
AUO4

2

4
5

6

7
8

9
10

l1
t2
13

14

15

Disease reaction ofisolates on six differential host
Bohatyr Danto Maioret Radle

R: Resistant reaction (disease severity 32.0); Blank area corresponding to each pathotype indicates a susceptible
reaction

R
R

R
R
R

R

R
R
R
R
R
R

R
R
R
R
R

R
R

R
R

R
R

R
R
R

UJÀ
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Table 6. 5. Number of days befween inoculation and symptomatic appearance
(DISA) of 56 isolates of Mycosphaerella pinodes on six differential cultivars of
pea (Pisuttt sativum)
Isolate AC Tamor Bohatye Danto Maioret Redlay Miko Mean'

222
2.7bc 3.3a 3.2a

5 4.8a

4 4.7a
4 4.5ab
5 4.5ab

4 4.3a-c
4 4.3a-c
5 4.2a-d
3 4.2a-d
4 4.2a-d
3 3.8b-e
3 3-8b-e
3 3.8b-e
4 3.8b-e
4 3.8b-e
3 3.7c-f
4 3.7c-f
3 3.5e-d
3 3.5e-d
4 3.3e-g
3 3.2e-h
3 3.2e-h
3 3.2e-h
2 3.2e-h
3 3.0f-i
) 1'lo-ì

3 2.7s-j
) 1'7o-i
- -"bJ
) )'7o-i
2 z.sh-i
2 z.sh-i
3 z.sh-i
2 z.sh-j
3 z.sh-j
2 2.sh-i
2 2.3h-i
3 2.3h-j
2 2.3h-i
2 2.3h-j
2 2.3h-j
2 2.3h-i
2 2.2ii
2 2.2ij
2 2.2tj
2 2.0j
2 2.0i
2 2.0j
2 2.0j
2 2.0j
2 2.0j
2 2.0j
2 2.0i
2 2.0j
2 2.0j
2 2.0j
2 2.0i
2 2.0j

2.7bc

555
555
555
555
554
553
445
555
544
454
6s4
544
555
255
544
555
443
434
334
334
334
343
443
114

JJJ
333
432
333
332
333
332
333
233
333
323
322
322
323
)7,?
332
322
322
322
222
222
222
222
222
222
222
222
222
222
222
222

45
45
44
34
44
54
43
34
44
34
23
34
22
52
JJ
22
34
34
JJ
JJ
33
1{

J3
33
23
22
23
32
23
22
22
22
22
22
22
22
32
22
22
22
22
22
22
22
22
22
)1
22
22
))
22
22
22
22
22

AUOI
UKOl
AUO4
AU02
NZO9
SKO2
NZO2
IROI
NZI I

IRO4
AUO3
FROI
NZO3
NZO4
IRO2
NZO3
AB05
MBI2
IRO3

NZOI
FRO3

MB14
NZOT
MBOT
ABO2
MB16
MBI3
MB15
MB18
MBOS
MBIT
SKOS

SKO3

MBlI
MBO4
AB03
MB09
NZO5
SKOl
SKOT

MBO2
MBO6
MBOl
MBIO
IRO5

AB04
NZO6
NZOS

ABOl
SKO4

SKO5

SKO6
MB03
ABOT
MB05
UKO2
Meanb

2

3.lab
2

2.6c
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o Mean DISA for each isolate on six differential cultivars. Means followed by the
same letter in the column were not significantly different at P: 0.05 (DMRT).
bMean of DISA of 56 isolates on each differeniial cultivar. Means followed by the
same letter in the row were not significantly different at P:0.05 (DMRT).
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MBO I
FRO I
MBOT
MB04
M BO5
MBI2
MBI3
MB I4
MBI5
FRO3
SKOS
ABO I
AB04
MB09
IRO3
M BO6
M BO8
SKO I
SK03
SKO4
IRO5
MBI8
MBI I
SKO2
SKOT
FRO2
MBO2
MB I7
UKO I
UKO2
AB 03
A BO5
A BO6
ABOT
MBIO
MB I6
N ZO6
NZOT
NZO9
NZ1 I
N ZO8
NZIO
SKO6
ABO2
IRO2
IRO4
M BO3
SKO5
NZOI
NZ02
NZO5
N ZO3
NZ04
IRO I
AUO I
AUO3
AUO2
AU04

I

0.82
I

0.62
'l

0.41

C oefficient

rr l
0.00

FÍg. 6.1. Estimates of genetic similarity among Mycosphaerella pinodes isolates
collected from Manitoba (MB), Saskatchewan (SK), Alberta (AB), the UK (UK),
France (FR), Ireland (IR), New Zealand and Australia (Au) based on amplified
fragment length polymorphisms. Bootstrap values (1000 replicates) for branch
nodes ranged from 10-100%.
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CHAPTER 7

GENERAL DISCUSSION

Studying the survival of the pathogen is important for formulating management

strategies of the diseases using agricultural practices such as sanitation, plowing and crop

rotation (Lawyer 1984; Cotton and Munkvold, 1998; Mayfield and Clare, 1984).In this

study, we proved that spore concentrations and disease severity of Mycosphaerella

pinodes decreased over time regardless of plant parts or depths of placement in soil.

Spore concentrations significantly decreased slowly for samples on the soil surface, and

quickly for buried samples. This agrees with the previous studies (Cruickshank 1952;

Carter and Mollar 796I; 'Wallen et al. L96l; Sheridan 1973; Davidson et al. 1999).

However, spore concentrations and disease severity caused by the different plant parts

were different in this study. Highest spore concentrations were recovered from leaf

samples and lowest from pod samples. The differences of spore concentrations and

disease severity might be caused by initial differences of spore numbers recovered from

different plant parts. After 8 months, few spores were observed in all leaf, stem and pod

samples, and significant disease levels were not detected. Decline in spore concentration

and disease severity over time, and the relationship between spore concentration and

corresponding disease severity followed a linear pattern in all surface and buried samples.

However, two depths (5 and 10 cm) had no significant differences in decreasing spore

concentrations and disease severity. These results were first reported from this study. The

pathogen survive at least 8 months on soil and when buried in Manitoba, longer than

survival period (4 months) in Australia (Davidson et al.l999). According to our

conclusions, pea residues on soil, if pycnidia or perithecia are produced on them, would
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be primary inoculum source for pea seedlings next spring in Manitoba. In addition, in

combination with other studies, different forms of the pathogen may have different

survival periods. Carter and Mollar (1960) demonstrated that the pathogen could survive

up to 20 years, because they probably isolated chlamydospores and scierotia from the

soil. Sheridan (1973) and Davidson et al. (1999) studied mycelium survival in soil and

foot rot caused by mycelia recovered from residues, and showed that mycelium survived

at least 4 to 11 months. Our research targeted survival of pycnidia and perithecia.

Therefore, survival period of M. pinodes may be a combination of soil environment and

pathogen forms.

Investigating spore release and dispersal is important for controlling the disease using

isolation from infected fields and fungicide spray. In our study, ascospores and

pycnidiospores were released in response to rain events, and a daily periodicity of

ascospore release was observed. These are consistent with previous studies (Carter and

Moller 196I; Hare and V/alker 1945; Roger and Tivoli 1996b). 
'We first reported the

characteristics of spore release during and after rain in details. Most ascospores were

trapped within 23 days after the field was inoculated with infected residues and

pycnidiospores were mostly trapped within 13 to 16 days. The number of spores happed

decreased over time, and few spores were trapped after 23 days, which may be as a result

of a dense canopy that blocked movement of spores from residues. Unlike reported by

Carter and Moller (1961), in our study the daily peaks of ascospore and pycnidiospore

release occurred between 1700 h and 400 h, but pattern of release varied during and after

rain. Most ascospores were released 1 to 2 days after rain and the largest peak appeared

the day after rain. This pattern of ascospore is similar to that reported from other
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ascomycete pathogens (Hare and Walker 1945; Fernando et al. 1997; Fernando et al.

2000). On the other hand, most pycnidiospores were released on the same day as rain

occurred or the next day. Limited pycnidiospores were captured during or after rain,

suggesting pycnidiospores may be only local dispersal. This agrees with Allard et al.

(1992). Ascospore density was negatively correlated with distance from the inoculum

source and positively related to the disease severity. In general, the plants in downwind

directions of the inoculum source received higher ascospore density, and developed more

severe disease. According to our conclusions, a fungicide should be applied to pea plants

as soon as possible after rainfall in the diseased field to prevent spore gennination or stop

hyphae spread in infection sites, and chemical applications should be targeted to plants

downwind from inoculum sources.

We first quantified the temporal and spatial patterns of mycosphaerella blight caused

by Mycosphaerella pinodes using mathematical models and geostatisticai analysis. In our

study, the exponential model proved the best for describing the disease progress at

distance and in directions from the inoculum source in most cases. The mean gradient

and gradients in direction were quantified in the field. Compared with models that

described disease development under the control conditions, developed by Roger et al

(1996b), our models would be closer to natural features of mycosphaerella blight. In our

study, disease severity reached 50o/o of disease severity in plants close to the inoculum

source rapidly when the inoculum source was established. These results suggest that

fungicide spray would be targeted to inoculum source spot at early epidemic stages

because the photosynthetic rate of diseased plants was reduced to zero when diseased

area of leaves is 30o/o. We used a susceptible variety Profi to develop epidemics in both
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years, which may not represent disease spread in an epidemic on a resistant variety. It is

necessary that models be developed using a resistant variety. However, because no

commercial resistance varieties are available (Ali 1978; Xue et al 1996; Kraft et al.

1998), our results would well describe the characteristics in temporal and spatial patterns

of Mycosphaerella blÌght from an inoculum source in the production field. A disease

epidemic is an integrated sequence of many factors. Occurrence and development of

mycosphaerella blight are extremely affected by rainfall. A future integrated model in

time and space, combined with rainfall data, would be better than the models developed

separately in time and space in this research.

Investigating pathogenic and molecular variation of M. pinodes population is very

important for developing resistance varieties for pea breeders. In the present study,

isolates of the M. pinodes have very large pathogenic variation, and virulence of isolates

varied with differential varieties. These are consistent with Wroth (1998) and Xue et al.

(i998). Compared to isolates from other countries, Canadian isolates had smaller

differences in virulence and molecular variation. 'We first reported that isolates of M.

pinodes basically were clustered geographically, and virulence and molecular variation in

isolates were not related. In future work, it is necessary that a set of differential hosts

defined genetically are used to evaluate interactions between pea and pathogen in order to

compare results from different studies.
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