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ABSTRACT 

 This work encompasses studies on the development of biocontrol strategies to 

manage the disease lettuce drop, caused by the fungi Sclerotinia sclerotiorum and S. 

minor, using the mycoparasitic fungus Coniothyrium minitans, and to better understand 

interactions during mycoparasitism at the biochemical level.  Results from field 

experiments revealed that two applications of C. minitans at manufacturer recommended 

rates significantly reduced the incidence of lettuce drop caused by S. sclerotiorum but not 

by S. minor.  Applications of other biocontrol products tested did not significantly reduce 

disease incidence caused by either pathogen.  Sclerotium population studies revealed that 

soil populations of S. sclerotiorum in lettuce production fields ranged from 0.08 to 2.9 

sclerotia/100g of soil and were generally aggregated in their distribution.  Continued field 

studies revealed that there was no significant effect of irrigation (sprinkler vs furrow) on 

either the impact of sclerotium density or the efficacy of C. minitans.  Studies on the 

evaluation of different application rates of Contans against S. minor revealed that two 

applications of Contans at 5 X manufactures recommended rates significantly reduced the 

disease incidence.  Examination of sclerotial exudates of Sclerotinia spp. revealed that 

crude exudates from both Sclerotinia spp. stimulated C. minitans spore germination and 

the stimulation was due to compounds within the polar fraction.  Studies on the role of 

lectin-carbohydrate binding during fungal-mycoparasite interactions revealed that many 

plant lectins as well as crude proteins extracted from sclerotia of either Sclerotinia spp. 

induced agglutination of C. minitans spores in vitro.  Spore germination of C. minitans 

stimulated by sclerotial exudates of either Sclerotinia spp. was significantly inhibited in 
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the presence of the lectin Con A but not other plant lectins.  In vitro studies on the 

directional growth of C. minitans preceding mycoparasitism revealed the involvement of 

G proteins for optimal response of C. minitans toward Sclerotinia stimulus. 
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I INTRODUCTION 

Lettuce (Lactuca sativa L.) belongs to the plant family Asteraceae and is one of 

the most widely consumed vegetables around the world.  Cultivated lettuce is believed to 

have originated from wild lettuce, Lactuca serriola L., which is commonly referred to as 

prickly lettuce, and domestication is believed to have occurred several thousand years 

ago as it appeared in stylized paintings placed in 4,500 year-old Egyptian tombs.  

However, the first written accounts of lettuce were by Herodotus, a Greek historian, who 

indicated that lettuce cultivation was common in 550 B.C.  Lettuce was very popular in 

Rome and believed to be introduced into Northern and Western Europe by the Romans.  

Subsequently, it was brought to the New World during the voyages of Christopher 

Columbus during the later part of the 15th century.  Until the early part of the 20th century, 

lettuce was grown primarily in home gardens and in market gardens around principle 

cities.  Later, the western shipping industry expanded the small scale production of 

lettuce into larger scale and increased the popularity of lettuce around the world (159).   

Lettuce is often grown as a biennial leafy vegetable and is typically eaten cold and 

raw in salads, sandwiches, and in many other ethnic dishes.  In some countries like 

China, it is commonly eaten cooked (81).  Lettuce is rich in vitamins K, A, and C, and in 

minerals such as calcium, potassium, sodium, and iron (83,172).  Among the lettuce 

producing countries, China is the largest producer and accounts for 48% of the total 

global production (171, 22).  The United States is the second largest producer of lettuce 

and accounts for about 20% of the global production.  However, in terms of lettuce 

exports, Spain is the leading exporter and accounts for about 36% of the global lettuce 
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exports.  Again, United States ranks second in the export of lettuce and accounts for 19% 

of global exports.  Approximately 20% of lettuce produced in United States is exported to 

Canada, Mexico, and Japan.  Among these countries, Canada ranks first and imported 

84% of total U.S. lettuce exports in 2004 (22).   In the United States, lettuce is produced 

on approximately 282,400 acres with a market value of approximately 1.98 billion 

annually, which makes lettuce one of the leading vegetable crops in the US in term of 

value (23).   

California and Arizona are responsible for nearly all (>95%) lettuce production in 

the U.S.  California alone contributes 73% of U.S. lettuce production and produces more 

lettuce than any other country in the world except to China (23, 172).  Arizona 

contributes 26% of U.S. lettuce production and production is primarily restricted to the 

winter months.  In Arizona, lettuce is one of the top three agricultural commodities and 

represents 14% of total farm receipts.  Moreover, because of the huge production of 

lettuce during the winter months, Yuma, Arizona, is referred to as the winter lettuce 

capital of the world (82).  The remaining percentage of lettuce produced in U.S is from 

Colorado, Florida, Michigan, New Mexico, New York, New Jersey, and Ohio (172). 

Crisphead, romaine, leaf, and butterhead are the four major principal lettuce types 

grown in U.S and they vary in size, shape, texture, color, and nutritional value (159).  

Among these four lettuce types, crisphead, which is commonly referred to as iceberg, is 

predominant and accounts for over 75% of the production followed by romaine and leafy 

lettuce (Subbarao 1998).  In Arizona and California during 1992-1999, the combined 
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average cultivation acreage for crisphead, romaine, and leaf lettuce was 95,988, 41,538, 

and 29,213 acres, respectively, which accounted for over 94% of U.S. acreage (61).  

 Principle lettuce production in the U.S. occurs in three distinct regions, 

depending on the seasons, with one season coinciding with production in Arizona (36).  

Spring and summer production occurs in the Salinas Valley and in other coastal regions 

of California, fall and spring production occurs in the San Joaquin valley of California, 

and winter production is concentrated in the desert valleys of Imperial County, CA, and 

Yuma County, AZ (28, 137).  

Diseases are considered a major limiting factor to lettuce production when 

resistant cultivars are not available (170).  Among the diseases of lettuce, lettuce drop is 

one of the most common and destructive diseases in lettuce production throughout the 

lettuce producing states in the U.S. and other lettuce growing regions of the world (70, 

130, 195).  In the United States, lettuce drop was first reported in 1890 on green house 

grown lettuce in Massachusetts by Stevens and Hall (170,172).  Since then, the 

occurrence of lettuce drop has been documented in almost all lettuce growing states 

(172).  The losses due to this disease vary from 1% to 75 % depending on cultural 

(cropping history, irrigation, and tillage methods) and environmental factors (149).  

However, in some cases the entire field may be lost (169).  In California, it has been 

estimated that average seasonal losses of up to 15% are common from lettuce drop and 

loses of up to 60% are not uncommon in individual fields (171).  These losses occur in all 

of the three important cultivated lettuce types, crisphead, romaine, and leaf lettuce (172). 



 

 

 

25

Lettuce drop is caused by two closely related fungi, Sclerotinia sclerotiorum and 

S. minor.  Both fungi are present in the lettuce-growing areas of Arizona and California 

and infect all lettuce types, but their prevalence in the different production regions is 

somewhat distinct.  In the cooler regions of coastal California, S. minor is the 

predominant species, whereas in the much warmer desert production areas of the Yuma 

and Imperial counties, S. sclerotiorum is the predominant species (70, 172).  Both fungi 

produce hard, durable structures known as sclerotia, which function as survival structures 

and also as disease inoculum in subsequent lettuce crops.  Although both fungi cause 

similar disease symptoms in all lettuce types, their ecology is different in several 

respects.  

 Sclerotia of S. minor are quite small and primarily germinate erruptively, 

producing infective mycelia that penetrate lettuce plants only in close proximity.  

Sclerotia of S. sclerotiorum are much larger and also germinate erruptively resulting in 

symptoms identical to those produced by S. minor.  In addition, S. sclerotiorum sclerotia 

can also germinate carpogenically, producing numerous apothecia that forcibly eject 

thousands of ascospores to be wind-dispersed throughout the lettuce field and adjacent 

production areas (172).  The result of ascospore-mediated lettuce drop is often complete 

loss of crop at the primary infection site and considerable damage to surrounding lettuce 

fields.  Conditions conducive to apothecia formation are infrequently encountered in 

desert areas.  However, significant losses due to the periodic production of ascospores are 

a reminder to all growers of the devastating potential of this pathogen.  A recent report of 

apothecia formation by S. sclerotiorum in the Salinas Valley may have serious 
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consequences for lettuce production in this important production area, and underscores 

the critical need for improved management of S. sclerotiorum for all lettuce production 

areas (197).  

There currently are no commercial lettuce cultivars with significant resistance to 

either Sclerotinia spp. (172).  Although comprehensive breeding programs for disease 

resistance in lettuce are in place and several accessions have shown limited levels of field 

resistance, the prospect for lettuce drop resistance in commercially acceptable cultivars is 

not high for the near future.  Current management strategies of Sclerotinia spp. in lettuce 

are similar to management programs for Sclerotinia control in other crops: there is a 

heavy reliance on chemical applications.  Presently, growers rely heavily on the currently 

registered fungicides iprodione (Rovral), vinclozolin (Ronilan), dicloran (Botran), and 

most recently boscolid (Endura).  However, only iprodione and vinclozolin have 

demonstrated efficacy against S. sclerotiorum in lettuce, and in most cases these 

chemicals provide only moderate control of lettuce drop (124, 126,172).  In addition, 

resistance and cross resistance to iprodione and vinclozolin in Sclerotinia spp. has been 

documented (40, 90).  In an effort to prolong the efficacy of the remaining products, there 

is a strong need for an integrated approach to managing lettuce drop in desert agriculture.  

This includes the development of new fungicides that can be used in rotation with 

standard products.  However, with heightened concern over pesticide residue on lettuce 

crops as well as environmental effects, non-chemical strategies also need to be 

developed. 
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Alternative efforts in management of Sclerotinia diseases in a number of crops 

have focused on decreasing the number of infective propagules (sclerotia) in soil through 

crop rotation (41, 135).  However, lettuce production in Arizona and California is very 

intensive in areas where optimal yields can be attained, and the economics of taking land 

out of prime lettuce production for any length of time are often not justifiable.  This is 

especially true in Arizona due to the value of winter lettuce produced in this region.  

Coupled with the ability to produce two consecutive lettuce crops during the cool winter 

months, nearly 85% of all prime vegetable ground is devoted to lettuce production each 

winter (13).   

Considerable research has been conducted on evaluating biological control 

strategies for the management of Sclerotinia diseases in a variety of cropping systems, 

although, most studies reveal only moderate success (49, 88, 89, 128).  Most 

contemporary research involves the use of mycoparasitic fungi that specifically attack 

fungal hyphae or degrade sclerotia.  The most notable of these are Trichoderma spp., 

Sporidesmium sclerotivorum, and Coniothyrium minitans.  Trichoderma species are 

perhaps the most widely used mycoparasites and numerous commercial formulation 

exist.  The use of Trichoderma for control of lettuce drop in glasshouse cropping systems 

revealed disease incidence significantly reduced by 46-72% compared to controls (95).  

However, field-based studies have revealed that Trichoderma spp., do not effectively 

control lettuce drop (101)   

Sporidesmium sclerotivorum and Coniothyrium minitans are both effective 

parasites of sclerotia specifically, and have been shown to infect sclerotia of a number of 
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sclerotial-forming fungi such as S. sclerotiorum and S. minor (6, 26, 96, 140).  In field 

studies conducted in Maryland, the use of S. sclerotivorum reduced the incidence of 

lettuce drop by over 71% compared to controls (5).  However, in field trials conducted in 

Salinas, CA, in 1994 (172), the biocontrol agent failed to affect disease incidence.  Mixed 

findings resulting from the use of S. sclerotivorum are common, which may be one 

reason this organism has yet to be commercialized.  In striking contrast, C. minitans has 

shown to be very effective against S. sclerotiorum in several crops in both green house 

and field conditions, and also against S. minor in peanuts in field conditions (54, 55, 57, 

84, 96, 140, 187, 188, ).  Coniothyrium minitans has been available in a commercial 

formulation for over 8 years (distributed as Contans™ in the US), and is used to control 

Sclerotinia spp. in numerous crops with reportedly high success (129).  However, C. 

minitans had not been tested previously in the desert ecosystem of Arizona and California 

for the management of lettuce drop caused by S. sclerotiorum and S. minor.  However, 

results from previous field studies of C. minitans against S. sclerotiorum in a number of 

crops crops including lettuce suggested that the development of a successful biocontrol 

program against lettuce drop in desert lettuce production would be attainable. 

Coniothyrium minitans parasitizes both sclerotia and mycelia of Sclerotinia spp.  

The mycoparasite employs a number of cell wall degrading enzymes such as β-1-3-exo 

glucanase and chitinase enzymes to penetrate the outer pigmented layer of sclerotia and 

the cell wall of the mycelia.  In addition to these enzymes, it also exerts physical pressure 

for penetration of the cell wall.  Interestingly, C. minitans attacks only the sclerotia of 

ascomycetous fungi including S. sclerotiorum, S. minor, S. trifoliorum and Stromatinia 
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cepivora (182) but not the sclerotia of any of basidiomycetous fungi (188).  The reasons 

for the selective nature of C. minitans on sclerotia of ascomycetous fungi are not known, 

although, information on molecular interactions between C. minitans and sclerotium-

forming fungi is very limited.  Thus, a better understanding of the molecular interactions 

between the C. minitans and Sclerotinia spp. would likely be very useful for exploiting 

this very effective mycoparasite for the control a wide range of sclerotia-producing fungi. 

 This dissertation focuses mainly on the development of biocontrol strategies as 

the main component of integrated disease management for the management of lettuce 

drop in desert agroecosystems of Arizona and California.  The specific objectives of this 

work were to: 1) evaluate the efficacy of several commercially available biocontrol 

agents in controlling lettuce drop caused by S. sclerotiorum and S. minor, and determine 

their survivability in field soil and sensitivity to standard fungicides commonly used 

against lettuce drop in Arizona and California; 2) determine sclerotium density in typical 

winter lettuce production fields (generally 20-40 acres) with a history of lettuce drop, and 

establish sampling protocols to accurately estimate sclerotium density for future sampling 

efforts; 3) establish relationships between sclerotium density, and incidence of lettuce 

drop for crisphead, romaine, and leaf lettuce under desert climate conditions and under 

different irrigation methods; 4) compare the efficacy of C. minitans with other chemical 

and/or biological agents and combinations of these products in controlling lettuce drop 

and improving yield for crisphead, romaine, leaf lettuce under desert climate conditions 

at different sclerotium densities and under different irrigation methods; 5) characterize 
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the biochemical interaction between Sclerotinia spp. and Coniothyrium minitans during 

mycoparasitism.       

     Lettuce drop pathogens 

Taxonomy 

 Lettuce drop is caused by two closely related fungi, Sclerotinia sclerotiorum 

(Lib.) de Bary and S. minor Jagger.   The taxonomic positions of these two fungi are 

listed below 

S. sclerotiorum  S. minor 

 Kingdom    Fungi    Fungi 

 Phylum    Ascomycota   Ascomycota 

 Class      Leotiomycetes    Leotiomycetes 

 Order     Helotiales   Helotiales 

Family     Sclerotineaceae           Sclerotineaceae 

 Genus      Sclerotinia   Sclerotinia 

 Species    sclerotiorum   minor 

Sclerotinia sclerotiorum was first described by Libert in 1837 as a Peziza 

sclerotiorum (114), and later reclassified as Sclerotinia libertania Fuckel  (149).  

However in 1924, Wakefield noticed that S. libertiana Fuckel conflicted with the 

International Code of Botanical Nomenclature since a species that is transferred from one 

genus to another must retain the original species name unless the resulting specific 

epithet is already taken.  As the epithet sclerotiorum was not already in use and de Bary 
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had already used this name in 1884, the proper name of the fungus was formalized as 

Sclerotinia sclerotiorum (Lib.) de Bary (149). 

 In 1900, Smith noticed the differences in the sclerotia size between a numbers of 

Sclerotinia cultures that existed in herbaria (165).  Subsequently, Jagger noticed that the 

lettuce drop observed in New York was caused by small size sclerotia of undescribed 

species of Sclerotinia which he later described as S. minor (97).   

Sclerotium biology 

  Both Sclerotinia spp. produce hard, melanized structures known as sclerotia, 

which play a major role in the disease cycle as a primary inoculum and as long term 

survival structures that remain viable in the soil for many years (172).  Sclerotia are 

hyphal aggregates surrounded by an outer black rind of heavily melanized cells, which 

protect the sclerotia from adverse climatic conditions and microbial degradation (16, 76).  

There are three stages in sclerotial development.  The first stage is termed initiation, in 

which hyphae aggregate to form white masses called sclerotial initials.  The second stage 

is termed the development stage, in which the hyphae continue growth and further 

aggregate to increase the sclerotium size.  In the third stage, these hyphal aggregates 

mature, the surface is delimited from the remaining fungal colony, and melanin is 

deposited in the peripheral rind cells and consolidated internally to become fully 

developed sclerotia (21).  The inner portion of the sclerotium contains storage 

carbohydrates, primarily β-glucans, and proteins.  

 Both environmental and nutritional factors influence the development of 

sclerotia.  Sclerotinia spp. usually produce sclerotia when mycelia encounter nutrient 
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limited environments (37).   Also, pH plays an important role in sclerotia development 

with neutral or alkaline pH environment inhibiting sclerotial development and acidic pH 

favoring development (158).  It has been shown that mutant Sclerotinia strains unable to 

produce oxalic acid were also unable to produce sclerotia.  However, lowering the pH in 

the medium surrounding these mutants did not restore the formation of sclerotia, which 

suggests that sclerotia formation is complex and dependent upon additional factors 

beyond that of pH alone (158).  The role of cyclic AMP in sclerotia formation is also 

documented and plays a role in the early transition between mycelia growth and sclerotial 

development (157).  Thus, both cAMP-mediated signaling and ambient pH sensing and 

their interplay are very important for sclerotiogenesis (21).  

Although both Sclerotinia spp. produce sclerotia and cause lettuce drop, they 

differ in sclerotial morphology, host range and mode of infection.  These two Sclerotinia 

species are identified primarily by morphological features of their sclerotia such as size, 

shape, amount and pattern of sclerotia formation in culture media, and also by formation 

of apothecia and number of nuclei in the ascospores contained within (172, 104, 190).  

The distinct features of these Sclerotinia spp. are described in detail below.  

Distinct features of S. sclerotiorum 

Sclerotinia sclerotiorum produces large (up to 1-2 cm), irregularly shaped black 

sclerotia that develop primarily at the peripheries of colonies, in semicircular patterns, or 

in irregular patches (104).  The fungus has wider host range than S. minor and is reported 

pathogenic to more than 400 plant species in 278 genera representing 78 families (172).  

It is a major pathogen of both dicotyledonous crops such as sunflower, soybean, oilseed 
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rape, edible dry bean, chick pea, peanut, lentils, and various vegetables (lettuce, bean, 

cabbage, cauliflower, carrot, and potato) and monocotyledons like onion and tulip.  More 

than 60 names have been used to describe Sclerotinia diseases including watery soft rot, 

crown rot, blossom blight, cottony rot, stem rot, drop, and, perhaps most commonly, 

white mold (21).  Sclerotinia sclerotiorum initiates infection either by mycelia 

germination of sclerotia or by ascospores formed in apothecia produced upon carpogenic 

germination of sclerotia, which is dependent on environmental conditions.  Sclerotinia 

sclerotiorum is homothallic, a condition in which both male and female reproductive 

structures are present in same thallus which facilitates self mating.  Under favorable 

environmental conditions, each sclerotium produces one to several mostly cup shaped 

apothecia.  Several asci, the ascospore bearing structures, are produced in a fertile layer 

on the top of each apothecium.  The asci are cylindric-clavate in shape and contain eight 

binucleate ascospores.  The ascospores are nonseptate, hyaline, and elliptical in shape 

(172).  

Sclerotinia sclerotiorum predominantly follows the clonal mode of reproduction 

with some evidence of out-crossing observed in a few regions of Australia and North 

America (21, 14, 163).  As S. sclerotiorum has haploid hyphae and is homothallic in 

nature, clonality is the result of both asexual reproduction by means of sclerotia and 

sexual reproduction by means of self fertilization (105), and the observed inter-clonal 

variation is due to mutation (30). 
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Distinct features of S. minor 

 Sclerotinia minor produces numerous characteristic small, circular (0.5-2 mm 

diameter) black sclerotia which are similar in size and shape, over the entire surface of 

mature colonies (190).  Sclerotinia minor is believed to be a heterothallic, a condition in 

which male and female reproductive structures are produced in different thallus, and 

require sexual mating between two compatible isolates for the production of apothecia.  

The two mating types are often geographically isolated and thus, the production of 

apothecia generally does not occur in the field (171).  Therefore, the fungus infects plants 

primarily by hyphae from myceliogenic germination of sclerotia (93, 199).  However, 

results from a previous study (48) showed that each of the eight ascospores collected 

from single ascus produced apothecia and did not require spermatization from another 

mating type.  This result suggests that S. minor is homothallic as is S. sclerotiorum.  

Sclerotinia minor exhibits little host specificity and a wider host range than most plant 

pathogen, but narrower than S. sclerotiorum.  It has been reported to be pathogenic on 94 

plant species in 66 genera representing 21 families (172).  

Symptoms of lettuce drop 

 Lettuce drop infection usually occurs in two phases.  The first phase of infection 

occurs 3-4 weeks after seedling emergence.  As the chance of contact between sclerotia 

and lettuce at the seedling stage is low, only a very low percentage of plants become 

infected during this first phase.  The second economically important infection phase 

occurs near crop maturity and a much higher percent of plants become infected.  As the 

conditions for apothecium formation are not commonly encountered in dry environments, 
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sclerotia of both Sclerotinia spp. follow similar mode of infection in desert ecosystems.  

Hyphae that emerged from soilborne sclerotia initiate the infection on the outermost 

layers of leaves contacting the soil surface and subsequently the infected leaves show 

initial symptom of wilting giving the plant a stressed appearance.  As the infection 

progresses, Sclerotinia mycelia grow inward from outermost leaf layers to other leaf 

layers and subsequently the entire plant wilts.  The layers of collapsed leaves lay flat on 

the soil surface and turn yellowish in color.  A soft watery decay develops on both above 

and belowground plant parts which differentiates lettuce drop infection from lettuce-root 

aphid infestation.  Under moist conditions, the fungus produces a snowy white mycelium 

across the infected tissue and black colored sclerotia on infected plant parts.  Usually 

sclerotia are produced on the lower surface of the leaves touching the soil, around the 

crown, and throughout the root.  The size of the sclerotia produced on the infected plant 

parts vary depending on the fungal species and temperature during the sclerotia formation 

(170, 172, 20, 93).   

 The mode of infection initiated by ascospores of S. sclerotiorum is also similar to 

that of sclerotia infection except that airborne ascospores settle on the exposed upper 

lettuce plant parts and initiate infection.  Infections from ascospores also produce snowy 

white mycelia and irregularly shaped black colored sclerotia on the infected plant parts 

(170, 172, 20, 93). 

Disease cycle 

The enormous reproductive potential and the long term survival in soil make 

sclerotia a central component in the epidemiology of both Sclerotinia spp.  In addition to 
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sclerotia, these two pathogens may also survive as active mycelium in living or dead 

plant tissue.  The mode of reproduction that separates the Sclerotinia spp. also has 

significant impact on the mode of infection.  As S. sclerotiorum can either germinate 

carpogenically or myceliogenically depending on environmental conditions, it usually 

follows two distinct modes of infection.   However, S. minor generally germinates only 

myceliogenically and follows only one mode of infection.  Sclerotia of both Sclerotinia 

spp. that germinate myceliogenically produce a hyaline (colorless), septate, branched and 

multinucleate hyphae that attack plant tissue.  Subsequently, it produces the characteristic 

snowy white mycelia and sclerotia are produced on the infected plant parts and the life 

cycle is completed.   

Sclerotia that germinate carpogenically produce one to several apothecia (172).  

An apothecium, a sexual fruiting body, consists of a long stipe and a receptacle with a flat 

to concave hymenial layer.  Rows of asci, cylindrical sac-like zygote cells that contain 

eight hyaline, ellipsoid binucleate ascospores per ascus, form on a hymenial layer (104).  

The ascospores formed inside ascus are forcibly discharged at a rate of 1600 spores/h 

(38).  The discharge of ascospores can occur continuously for more than 10 days under 

optimal field conditions.  Most ascospores are deposited close to their source within the 

field where they are produced (185).  However, under windy conditions some ascospores 

can be carried several kilometers in air currents and reach new fields (113).  Thus, when 

airborne ascospores initiate infection, the losses can be as high (170).  Once the 

ascospores land on the exposed lettuce plant parts, they germinate and initiate the 
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infection and continue growth with the nutrient source from senescent leaves.  The 

disease cycles for both Sclerotinia spp. are presented in Fig.1. 

Epidemiology 

Both Sclerotinia spp., are widely distributed in lettuce growing regions of the 

world.  However, generally only one species or the other causes losses in most locations 

depending on several factors.  For example, S. sclerotiorum is the predominant species in 

desert production areas of Yuma Co, AZ and Imperial Co, CA, whereas, S. minor is the 

predominant species in cooler region of coastal California (92,172).  Both Sclerotinia 

spp. produce sclerotia that can survive in soil for more than 8 years in the absence of a 

host.  The survival of sclerotia of both Sclerotinia spp. also depends on several factors 

like location of sclerotia along the soil profile, duration of burial in the soil, soil moisture, 

soil temperature, and microflora in the soil (172).  It has been reported sclerotia of S. 

sclerotiorum survived significantly better than S. minor under most field conditions, 

presumably due to their large size (198).  

Sclerotia of both Sclerotinia spp. are sensitive to constant high soil temperature 

greater than 40۫ C, and the germination of these sclerotia is significantly reduced at a 

constant temperature of 35۫
  C for 4 weeks compared to that at 15 and 20۫

 C (127).   

Thermal inactivation of S. minor occurs within 39 h at 40۫ C, within 6 h at 45۫ C, and 

within 2 h at 50۫ C (4).  Ninety percent of the sclerotia of S. sclerotiorum are thermally 

inactivated at 30۫ C in soil (20).  Similar to soil temperature, the soil moisture also has a 

significant effect on sclerotia germination.  Sclerotial germination occurs at soil moisture 

potential between -0.03 MPa and -1.5 MPa, with an optimum soil moisture potential of -
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0.03 MPa (2).  No sclerotia of either pathogen germinate in wet soil when soil moisture 

potential is ≥ -0.02 MPa at a constant temperature of 40۫
 C.  However, approximately 28 

and 64% of sclerotia of S. sclerotiorum and S. minor, respectively, germinate at the same 

temperatures in dry soil (127).  The soil moisture does not affect the survival of sclerotia 

of either species at 15 or 25۫
 C.  It has also been observed that the decay and disintegration 

of sclerotia occurred after 3 and 4 weeks in continuously flooded soil or in soil irrigated 

every 7 days when the mean soil temperature ranged from 30 to 33۫
 C.  Thus, sclerotia 

newly produced in infected plant parts do not germinate immediately because of the high 

moisture content in the infected plant parts, and they need to dry considerably before they 

can germinate (142).   

Oxygen levels in the soil are also an important factor determining sclerotia 

survival in the soil.  The viability of sclerotia was lower under ultra low oxygen 

environments than under ambient oxygen conditions in wet soil (198).  However, under 

dry soil conditions, the sclerotia of both Sclerotinia spp. survived well regardless of 

oxygen concentration and temperature (198).  The combination of high temperature, high 

soil moisture, and reduced oxygen reduced the survival of both Sclerotinia species and 

the response of these species to these conditions shape their relative geographical 

distribution (198). 

Sclerotial burial depth in the soil also influences the sclerotial survival.  Sclerotia 

of  S. sclerotiorum can survive well at least 15 months at depths of up to 30 cm (3).  

However, the recent study by Matheron and Porchas (127) showed that the germination 

of sclerotia of S. sclerotiorum significantly decreased at a depth of 10 cm for 8 weeks of 
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burial in dry soil compared to placement at the soil surface.  Similarly, the germination of 

sclerotia of S. minor was also significantly decreased at burial depths of 10 cm for 2 to 8 

weeks.   The reasons for the poor germination of sclerotia in the deeper soil are not 

known.  However, it has been suggested that the differences in minimum and maximum 

soil temperature at soil surface compared to a depth of 10 cm soil might contribute to the 

poor survival of sclerotia in deeper soil.  In one study, the mean soil temperature at the 

soil surface and at a depth of 10 cm depth were 40۫
 C (min 12۫ C and max 70۫ C) and 36۫ C 

(min 28۫ C and max 45۫ C), respectively.  The constant higher minimum temperature (28۫
 C) 

observed at the at 10-cm soil depth compared to at the soil surface might have affected 

the germination of sclerotia to a greater extent than the shorter daily periods of absolute 

temperatures (127).  Generally, sclerotia located within 2 cm of the root and 8 cm of the 

soil surface can effectively initiate infection on nearby roots, stems, and senescent leaves 

and cause disease (92).   

Soil microflora also has significant effect on the survival of sclerotia and the 

percent germination of sclerotia is negatively correlated with quantity and quality of 

microfloral content in the soil (1, 27,174).  Several fungi such as Aspergillus spp., Mucor 

spp., Trichoderma spp., Fusarium spp., Chaetophoma spp., and Penicillium spp., have 

been recovered from sclerotia collected from the field, and these sclerotia failed to 

germinate in nutrient media.  Among the fungi isolated from sclerotia, Trichoderma spp. 

have been isolated most frequently and are capable of parasitizing both sclerotia and 

mycelia of Sclerotinia spp. under laboratory conditions (127, 91).  The role of other 
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microorganisms isolated from sclerotia in the parasitism of sclerotia requires further 

study. 

Carpogenic germination of sclerotia and subsequent ascospore release also 

depend on soil temperature, moisture, sclerotia burial depth, and relative humidity.  The 

temperature range for carpogenic germination is lower for S. minor (10 to15۫ C) than for 

S. sclerotiorum (10 to 20۫ C).  The optimal temperature for carpogenic germination of 

sclerotia depends on the origin of isolates of Sclerotinia as well as the temperature at 

which the sclerotia were produced (74). Preconditioning of sclerotia under wet and low 

temperature enhances the production of apothecia under laboratory conditions.  The 

temperature required for preconditioning has been reported to vary from 0 to 5۫
 C to 8 to 

16۫ C, depending on the study (98, 134, 150, 171, 173).  However, one study showed that 

preconditioning does not have an appreciable effect on carpogenic germination (164).  

Temperatures between 10-20۫
 C and continuous soil moisture are favorable for carpogenic 

germination of sclerotia of S. sclerotiorum, and low soil moisture for a period of 10 -20 

days can completely arrest the carpogenic germination of S. sclerotiorum.  The success of 

carpogenic germination of sclerotia of S. sclerotiorum requires high soil moisture 

continuously for 35 days.  However, this requirement is hardly met in lettuce production 

areas of California in summer or fall, thus the production of ascospore rarely occurs in 

this area during these seasons (198).  The stipes that formed on sclerotia developed into 

fully expanded apothecia, and this development requires light with wavelength of < 390 

nm.   
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Sclerotia burial depth also plays an important role in carpogenic germination of 

sclerotia of both Sclerotinia spp.  Sclerotia buried at a depth of 0 to 2 cm produced more 

apothecia than those buried deeper (7, 138, 172) which may be due to the failure of stipes 

produced from sclerotia buried at greater depths to reach the soil surface and  be exposed 

to proper lighting, which is required for development and expansion of apothecia (198).  

Other studies also have shown that sclerotia buried at a depth of 5 cm and 10 cm formed 

stipes but no apothecia.  This failure is not due to exhaustion of nutrient reserves but due 

to the poor oxygen supply at greater soil depths (44, 161).  A study by Wu et al. (198) 

revealed that sclerotia of S. sclerotiorum buried at a depth of 4 cm successfully formed 

apothecia.  However, sclerotia of S. minor produced apothecia only when it was buried at 

a depth of < 0. 5 cm in soil, and the increase of burial depth greater than 0.5 cm 

significantly reduced the apothecia formation. As carpogenic germination requires 

continuous moisture over period of time and the top 0.5 cm of soil rarely remains moist 

over long period time and at a proper temperature, the apothecia and ascospores of S. 

minor have been rarely observed in nature (198).  Light is also important for apothecial 

development and it requires light intensity greater than 58.1 µE.S-1.m-2.   In addition, 

sclerotia size also impacts apothecia formation with larger size sclerotia producing more 

apothecia than smaller ones (20).  

Pathogenesis 

Cell wall degrading enzymes 

Sclerotinia spp. are necrotrophic fungi and the diseases caused by these species 

are complex.  The knowledge of pathogenesis mainly comes from studies on S. 
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sclerotiorum.  Several factors like type of inoculum, both internal and external nutrients, 

and environmental conditions determine the success of Sclerotinia infection (172).  

Sclerotinia sclerotiorum secretes wide array of cell wall degrading enzymes such as 

endo- and ecto-pectinases, cellulases, hemicellulases, and proteases during the interaction 

with its host to facilitate penetration, maceration of tissues, and degradation of cell wall 

components (69, 116, 155, 117).  As pectin is a major constituent of plant cell walls, 

pectinase produced by S. sclerotiorum plays an important role in infection.  Hydrolysis of 

pectin weakens the cell wall to facilitate penetration as well as provides carbon source to 

the fungal growth (11).  Both endo and exo- polygalacturanase have also been shown to 

be important in S. sclerotiorum infections for the degradation of pectate polymers, the 

structural polysaccharides found in the middle lamella and the primary cell wall of higher 

plants. (154, 183, 153, 112).  

An oxidative burst is considered to be an early plant defense response, which 

results in the production of reactive oxygen species such as H2O2 and O2
- at the site of 

pathogen infection that enhances the hypersensitive response (HR) and restricts the 

pathogen spread (193).  Since Sclerotinia spp. are necrotrophic pathogens that kill plant 

tissues in advance of colonization, the necrotic tissues resulting from the HR actually 

favor Sclerotinia infection rather than restricting it.  Transformations of plants such as 

tobacco and Arabidopsis thaliana to prevent the normal HR response have resulted in an 

increased resistance to necrotrophic pathogens (43, 63). 

 

 



 

 

 

43

Oxalic acid 

Oxalic acid produced by both Sclerotinia spp. plays an important role in infection 

process.  Several theories have been proposed for the mechanism of involvement of 

oxalic acids in pathogenesis.  

1. Oxalic acid produced at the infected tissues reduces the host tissue pH to 4-5, 

which is toxic to the plant cells, results in cell death and favors colonization by 

necrotrophs.   The pH change also promotes cell wall degrading enzyme activity 

which is generally enhanced at acidic pH (15,118,122). 

2. Oxalic acid chelates Ca2+ from the middle lamella, which in turn weakens the cell 

wall and facilitates pectinase to hydrolyze the pectin polymers, thereby disturbing 

the integrity of the host cell wall.  In addition, oxalic acid reacts with Ca2+  and 

form calcium oxalate which occludes xylem vessels and causes wilting (15,108). 

3. The acidic pH resulting from oxalic acid production may also contribute to an 

escape of fungal cell wall degrading enzyme, polygalacturonase, from its cognate 

plant defense protein, polygalacturonase-inhibiting protein (51). 

4. Oxalic acid is involved in deregulating the guard cells by inducing stomatal 

opening and inhibiting abscisic acid-induced stomatal closure, which induce foliar 

wilting during the infection (68). 

5. In addition to the effect on plant host, oxalic acid also plays a role in sclerotia 

development in Sclerotinia.  The acidic pH resulting from the oxalic production 

effects the transcriptional regulation of pH-regulated genes necessary for the 

pathogenesis and developmental life cycle of S. sclerotiorum.  For example, 
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SmK1, a MAPK important for sclerotial development, was highly expressed under 

acidic pH condition resulting from oxalic acid production (35).  

  

 Several studies have shown the involvement of oxalic acid during pathogenesis in 

Sclerotinia species.  Oxalic acid has been recovered from the Sclerotinia infected tissues 

(42, 53, 62) and the severity of the damage is positively correlated with the level of oxalic 

acid production (15,118).  It has also been shown that oxalic acid induced Sclerotinia 

disease-like symptoms when it was directly injected into the plants (15,139).  This is 

further supported by findings that Sclerotinia mutants deficient in oxalic acid production, 

yet secreting the cell wall degrading enzyme, were non-pathogenic on dry bean.  Mutants 

that reverted back into wild type and produced oxalic acid again became pathogenic once 

again (62).  Although previous studies have shown that there is no significant host 

specialization in S. sclerotiorum (148, 162), a correlation was observed between S. 

sclerotiorum isolates and the host from which they were isolated with respect to the level 

of oxalic acid production (47).  

Disease management 

 Disease management is a principle activity for growers of all types of lettuce as 

viral, bacterial, and most importantly, fungal diseases can seriously impact quality and 

yield.  Conventional methods for control of lettuce disease include host resistant, cultural, 

chemical and biological control.  
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Host resistance 

Among the methods of disease control, host resistance generally offers the most 

predictable, convenient, and least expensive option for managing disease.  However, 

there currently are no commercial lettuce cultivars with resistance to either Sclerotinia 

spp. (65, 67).  Although comprehensive breeding programs for disease resistance in 

lettuce are in place and several accessions have shown limited levels of field resistance, 

the prospect for lettuce drop resistance in commercially acceptable cultivars is not in the 

near future.  As with other necrotrophic fungi, resistance to Sclerotinia spp. needs to be 

defined differently because of the involvement of acids and enzymes in pathogenesis 

(117).  In addition, the development of resistant cultivars has been hindered by the lack of 

an accurate screening method to evaluate and predict field performance (66).  Moreover, 

resistance is likely multigenic and introgression of putative resistance genes into suitable 

lettuce cultivars will likely be difficult.   

 Several lettuce PI lines that showed moderate resistant to S. sclerotiorum were 

identified and the resistant in these was attributed to their upright growth habit (39).  

However, subsequent evaluation of these lettuce PI lines by Abawi et al. (2) and 

Subbarao (172) revealed that there was no association between growth habit and 

resistance.  Most of the lettuce PI lines screened for Sclerotinia resistance died with in 24 

to 48 h when infected with S. minor at the base of the crown.  However, few lettuce PI 

lines did not die for nearly 10 days and this phenomenon was named as “slow-dying 

resistance” (172).  Fifteen lettuce lines were identified with stable-slow dying resistance.  

However, to date little progress has been made in identifying the genetic nature of this 
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phenomenon, and the presence of this character in resistance to S. sclerotiorum has not 

been demonstrated (172).  Several breeding lines and plant introduction accessions and 

lettuce genotypes of diverse geographic origin were evaluated against S. minor.  Many 

genotypes exhibited partial resistance against S.minor but none exhibited complete 

resistance (66).   

Chemical control 

 Current management strategies for lettuce drop rely heavily on chemical 

applications.  Approximately 66 to 75% of the lettuce acreage is treated with fungicides 

specifically for lettuce drop.  As both Sclerotinia spp. mainly follow myceliogenic 

germination of sclerotia to cause direct infection, the soil coverage near the plant and 

timing of application of fungicide are the most important factors in management of 

lettuce drop (167).  2,6-dichloro-4-nitroaniline (DCNA) was the first fungicide registered 

for the control of lettuce drop and was partially effective against lettuce drop in 

California when it applied as a single spray immediately after thinning (172, 123,167).  

However, multiple applications of DCNA were required every 10-14 days after 

transplanting to control lettuce drop in Florida.  The reason for the requirement of 

multiple applications of fungicide is attributed to the differences in the mode of infection 

of S. sclerotiorum.  In Florida, the condition is favorable for the formation of apothecia 

and subsequent ascospore production, where as in California the infection is mainly 

initiated through myceliogenic germination of sclerotia (167).  Benomyl is another 

fungicide recommended for the control of lettuce drop and mixed results have been 

obtained with this fungicide as well.  Results from the separate experiments conducted in 
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California (123) and New Zealand (75) revealed that post-thinning applications of 

benomyl did not provide any significant control against lettuce drop caused by S. minor.  

However, it did significantly reduce the number of apothecia producing sclerotia and 

subsequently lettuce drop incidence caused by S. sclerotiorum in Israel (19).  Application 

of metham sodium at 234 L/ha through sprinkler irrigation dramatically reduced the 

lettuce drop caused by S. minor by 89-91% under field conditions.  Under laboratory 

conditions, metham sodium killed almost 100 % of the sclerotia of S. minor in soil (10).    

Fungicides such as iprodione [3-(3,5 dichlorophenyl)- N-isopropyl-2,4-

dioxoimidazolidine-1-carboximide; Trade name: Rovral] and vinclozolin  [3-(3,5-

dichlorophenyl)-5-methyly-5-winyl-1,3-oxazoladine-2,4-dione; Trade name: Ronilan]  

belong to the dicarboximide group and dramatically improved the lettuce drop control 

(172, 141, 152).  Results from in vitro study showed that the action of iprodione on 

mycelia of S. sclerotiorum is fast and inhibits the mycelia growth within 4 h of addition 

to fungal cultures (152).  The mechanism of iprodione in controlling Sclerotinia is 

indirect and affects DNA synthesis and disrupts membrane integrity (152).  The results 

from a study by Patterson and Grogan (141) revealed that fungicide control strategy with 

iprodione and vinclozolin for the management of S. minor and S. sclerotiorum are 

different.  As S. minor infects the lettuce roots and crown directly through eruptive 

germination of sclerotia, fungicides must be applied immediately after thinning to form 

protective layers between the soil surface and lower leaves.  Thereafter, the soil surface 

with a fungicide film should not be disturbed.   However, in this study S. sclerotiorum 
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infected mainly through ascospores and the application of iprodione and vinclozolin at 

the time of rosette stage was adequate to significantly control lettuce drop (141).  

 In Arizona, vinclozolin has served as an industry standard to manage lettuce drop 

caused by both Sclerotinia spp., (126).  Results from fungicides trials conducted over the 

last 10 years at the University of Arizona Yuma Agricultural Center revealed that the 

average reduction of lettuce drop incidence caused by S. minor and S. sclerotiorum was 

41 and 58%, respectively, for vinclozolin, and 46 and 38%, respectively, for iprodione 

when applied immediately after thinning and followed by another treatment 3 weeks later 

(126).  Although iprodione and vinclozolin reduced lettuce drop significantly in the field, 

the level of control was less than what the growers might prefer.  In addition, experiments 

conducted in California revealed that the losses from lettuce drop in recent years have 

continued to be severe despite regular applications of iprodione and vinclozolin (172).  

The reasons for the ineffectiveness of these fungicides in California are due to application 

of fungicides at a less than optimal time and enhanced degradation of fungicides by soil 

microflora (90).  The microbial degradation of fungicide is further enhanced by higher 

pH (> 6.5) (202) which is a common condition in desert production areas.  In addition, it 

has been documented that Sclerotinia spp. can develop resistance against both iprodione 

and vinclozolin under laboratory condition, and the resistant strains have exhibited cross 

resistance against both fungicides (40).   For this reason, several new fungicides have 

been introduced and evaluated for the control of lettuce drop. 

Sodium tetrathiocorbanate (STTC), a known biocide, releases carbon disulfide 

when added to water and to soil.  The biocidal activity of this compound was tested 
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against lettuce drop pathogens in field studies and results revealed that carbon disulfide 

released from the available formulations of STTC was lethal to sclerotia of S. minor in 

soil (125).  However, it did not provide long term control of lettuce drop by preventing 

growth of mycelia because of relatively short persistence of carbon disulfide after 

application.  Thus, the current formulation of STTC has a potential utility to manage 

lettuce drop only if it is applied as a pre-plant soil drench.  However, this fungicide has 

not been sufficiently tested in varied field conditions with different soil types and at 

different temperatures. 

Several new fungicides such as bitertanol, chlozolinate, diniconazole, 

terbutrazole, CGA-449, and SC-0858 have been tested at the Yuma Agricultural Center 

over a number of years as alternatives to iprodione and vinclozolin for the management 

of lettuce drop (124).  The results from these studies revealed that chlozolinate, 

diniconazole, CGA-449, and SC-0858 provided significant level of disease control in all 

trials and the efficacy of these fungicides were equal to but not more than iprodione and 

vinclozolin.  However, these fungicides were evaluated in preventing infection initiated 

only by soilborne inoculum of S. sclerotiorum and were not tested against infection 

arising from airborne ascospores.  In addition, these fungicides were not tested against S. 

minor.   

 Additionally, four newly introduced fungicides, boscolid, fenhexamide, 

fluazinam, and fludioxonil, were also tested against lettuce drop in both the laboratory 

and in the field in Arizona from 1999 to 2001.  Results from laboratory study showed that 

all the four fungicides reduced mycelial growth of S. minor and S. sclerotiorum from 87 
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to 100% and 77 to 100 %, respectively.  Results from the field studies revealed that 

boscolid and fluazinam provided the highest level of control only against lettuce drop 

caused by S. minor which was significantly greater than that achieved with fenhexamid 

and vinclozolin.  However, fludioxonil and vinclozolin significantly reduced the 

incidence of lettuce drop caused only by S. sclerotiorum.  None of the fungicides were 

equally effective against both Sclerotinia spp. (124). 

Most of the fungicides recommended for the management of lettuce drop 

provided only a modest level of control in most situations (125, 124,172) and the levels 

exhibited were lower than the level of control desired by the growers.  In addition, 

Sclerotinia have developed resistance against some of the most highly recommended 

fungicides for the management of lettuce drop.  Moreover the heightened concern over 

pesticide residue on lettuce crops as well as environmental effects, support the 

development of non-chemical approaches. 

Cultural control 

Irrigation 

 Furrow, sprinkler, and subsurface-drip irrigations are commonly employed in 

lettuce production areas of California and Arizona.  The type of irrigation has a major 

impact on both distribution of sclerotia in soil and also on the incidence of disease by 

influencing the soil temperature and moisture, which are very critical for both the 

germination of sclerotia and subsequent infection (71).  The effect of furrow and 

subsurface irrigation on the temporal and spatial dynamics of S. minor and on the 

incidence of lettuce has been evaluated in lettuce production fields of California in 1993-
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1995.  Results from these studies revealed that the incidence of lettuce drop was 

significantly higher under furrow irrigation than under subsurface-drip irrigation and the 

number of sclerotia in furrow irrigated field was significantly increased at the end of the 

crop season over that at the beginning of the season.  However, the number of sclerotia 

did not change over the entire season in subsurface-irrigated fields.  Similarly, the degree 

of sclerotia aggregation significantly increased only in furrow irrigated fields.  The 

reason for the reduced level of sclerotia and low level of lettuce drop incidence under 

sub-surface irrigation was presumably due to the low soil moisture at the different soil 

profiles.  The soil moisture in the top 5 cm of soil throughout the bed is significantly 

lower in subsurface-drip irrigated fields than that in furrow irrigated fields.  This low soil 

moisture in subsurface-drip irrigated field not only prevents the germination of S. minor 

sclerotia and limits the subsequent infection, but also prevents the formation of enormous 

sclerotia on infected tissues (196).  The results from additional study (171) also support 

the finding that the incidence of lettuce drop was significantly lower under subsurface-

drip irrigated fields than under furrow irrigated field.  In addition, a survey conducted in 

commercial lettuce fields under furrow and subsurface-irrigation also confirmed the 

reduction of lettuce drop under subsurface-irrigation system (172).  Therefore, sub-

surface drip irrigation is one of the more effective cultural strategies to manage lettuce 

drop incidence. 

Deep plowing 

 Deep plowing has been considered as one of the cultural strategies to manage 

lettuce drop based upon the proven principle that the survival of sclerotia decreases 
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progressively with the time and depth of burial, and that sclerotia buried at the depth 

greater than 10 cm do not cause lettuce drop infections.  The change of soil temperature, 

soil moisture and O2 level with soil depth are the reasons for the poor survival of sclerotia 

(172).  However, Imolehin and Grogan (93) reported that the increased mortality of 

sclerotia at deeper soil is mainly due to the colonization of sclerotia by antagonistic fungi 

and the above mentioned factors are not limited at the deeper soil.  A moldboard plow 

which inverts the soil profile to depth of 30 cm was specially designed for the 

management of lettuce drop and has been used in California since 1985 (18).  However, 

lettuce grower in Salinas, CA, noticed that the level of lettuce drop was still high even 

with deep plowing.   The reason for the failure of deep plowing in disease management 

was not known that time.  Therefore, a more detailed study was carried out in 1992 to 

1993 to determine the effect of deep plowing on the distribution and density of sclerotia 

of S. minor and subsequent lettuce drop incidence (170).  Results from this study revealed 

that the deep plowing significantly reduced the mean number of sclerotia and the 

incidence of lettuce drop occurred on the crop immediately after the deep plowing.  

However, the incidence of lettuce drop in the second crop was significantly increased and 

higher than that in the first crop.  The reason for the increase of lettuce drop incidence in 

the second is due to the change of distribution pattern of sclerotia.  Deep plowing 

changed the sclerotial distribution from the aggregated pattern into less aggregated 

pattern (distributed randomly all over the field) which eventually increased the likelihood 

of infection of greater number of plants and consequently, a significant higher incidence 
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of lettuce drop.  Therefore, deep plowing is not a viable cultural strategy to manage 

lettuce drop. 

Roguing 

 Both Sclerotinia spp., produce larger number of sclerotia on infected lettuce 

plants and the sclerotia produced serve as a principle source of soil inoculum for 

subsequent crops.  Therefore, the removal of infected plants containing large numbers of 

sclerotia would reduce the sclerotia population in the soil and also reduce the incidence of 

lettuce drop in the subsequent crop.  Results from the study by Patterson and Groagan 

(141) revealed that the removal of infected lettuce plants from the lettuce production 

fields significantly reduced the population of sclerotia in the soil.  However, the removal 

of lettuce plants is labor intensive and also increases the cost of lettuce production.  Thus, 

the rouging is also not a viable cultural practice (172). 

Crop rotation 

 Sclerotia produced from both Sclerotinia spp., are capable of surviving more than 

8 years in the soil and both species have wide host ranges.  Thus, the choosing of 

alternative candidate crops which are not hosts to Sclerotinia spp. to rotate with lettuce is 

not easy.  However, the results from study by Hao et al (70) revealed that the crop 

rotation with broccoli, a non-host to Sclerotinia spp., significantly reduced the incidence 

of lettuce drop.  The percent disease incidence resulting from lettuce cropping rotated 

with broccoli is significantly lower than that in continuous lettuce cropping.  In addition, 

crop rotation with broccoli significantly reduced the sclerotial population of S. minor.   

Moreover, in greenhouse studies, the incorporation of broccoli residue into infested soil 
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reduced the number of viable sclerotia (172, 70).  In addition to non host nature of 

broccoli to Sclerotinia, the volatile compounds released from breaking down of 

glucosinolate compounds predispose sclerotia to the attack of other soil microorganisms 

(70).  However, lettuce production in Arizona and California is very focused in areas 

where optimal crops can be produced, and the economics of taking land out of lettuce 

production for any length of time are often not justifiable.  For example, the Yuma Valley 

comprises approximately 90,000 acres of prime vegetable production ground.  Due to the 

value of winter lettuce produced in this region and the ability to produce only one lettuce 

crop during the cool winter months, nearly 85% of all vegetable ground is devoted to 

lettuce production each winter (13).   

Biological control 

 Biological control is one of the most important non-chemical strategies evaluated 

for the management of several plant pathogens in several cropping systems.  Against 

Sclerotinia diseases, several mycoparasites that attack both sclerotia and mycelia of 

Sclerotinia spp., have been evaluated both in laboratory and field conditions (49, 88, 89, 

128).  The most notable of these are Trichoderma spp., Sporidesmium sclerotivorum, and 

Coniothyrium minitans.  Trichoderma spp., are perhaps the most widely used 

mycoparasites and numerous commercial formulation exist (103, 115,147, 201).  The 

biocontrol potential of Trichoderma was first recognized in 1930s and in subsequent 

years, several economically important pathogens such as Botrytis sp, Phytophthora sp, 

Pythium sp, Rhizoctonia solani have been found to be susceptible to parasitism (12, 50, 

78, 79, 80).  In addition, Trichoderma has been shown to attack both mycelia and 
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sclerotia of Sclerotinia spp., (32, 33, 45, 95, 99, 144, 187, 202).  Trichoderma has been 

tested against Sclerotinia in a number of cropping systems and results in varying degree 

of success (24).  The results from glasshouse study revealed that Trichoderma reduced 

the lettuce drop incidence 46 to 72% compared to untreated control (95).  

 Sporidesmium sclerotivorum is another important mycoparasite of both S. 

sclerotiorum and S. minor and widely distributed in agricultural soils of the United States 

(5, 8, 9).  The results from the field study by Adams and Fravel (6) revealed that S. 

sclerotivorum could significantly reduce the inoculum density of S. minor.  However, the 

control of lettuce drop was modest at best.  In addition, S. sclerotivorum did not provide 

significant control of lettuce drop under neutral to alkaline soils in California (172).  In 

addition, S. sclerotivorum is also highly sensitive to the fungicides that are recommended 

for the lettuce drop.  Thus, the integration of S. sclerotivorum with fungicide applications 

is not advisable (9).  Mixed findings resulting from the use of S. sclerotivorum are 

common, which may be one reason this organism has yet to be commercialized.   

Coniothyrium minitans Campbell 

 Coniothyrium minitans is another well characterized mycoparasite and has been 

available in a commercial formulation for over 8 years (distributed as Contans in the US).  

It is used to control Sclerotinia spp. in numerous crops with reportedly high success. 

History and taxonomy of Coniothyrium minitans 

Coniothyrium minitans was first isolated from the sclerotia of S. sclerotiorum 

collected from the diseased guayule plantation near Salinas, California, U.S.  Some of the 

sclerotia collected from the diseased guayule were covered with globose pycnidia of a 
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contamination fungus which inhibited the germination of sclerotia in culture plate.  The 

contaminating fungus was readily purified and identified as a species of Coniothyrium.  

However, this fungus did not conform to the description of any known species of 

Coniothyrium and, thus, it was thus described as new species, Coniothyrium minitans 

(29).  

 

 Kingdom    Fungi     

 Phylum    Ascomycota    

 Class      Dothidiomycetes  

 Order     Pleosporales   

Family     Leptosphaeriaceae   

 Genus      Leptosphaeria (Teleomorph)  

       Coniothyrium (Anamorph)   

 Species    minitans  

  

Description 

 Coniothyrium minitans hyphae are smooth, simple and multi septate.  The hyphae 

become dark and roughed with the age (188).  The fungus produces asexual fruiting 

bodies called pycnidia which are globose, superficial, solitary, and brown to black and 

ostiolated in the center (29).  Asexual spores produced in pycnidium are called as 

pycniopspores which are brown, ellipsoid, smooth or minutely roughened with age (29).   
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Distributions and ecology 

 Coniothyrium minitans is naturally distributed in almost all the continents except 

Antarctica, and has been isolated largely from sclerotia in soil (160,133).  Until 1986, C. 

minitans was isolated either from sclerotia of S. sclerotiorum and or S. trifoliorum 

Eriksson.  Later, it was also isolated from sclerotia of Stromatinia cepivora (77).  

Coniothyrium minitans has been recovered from the field and glasshouse trials even after 

several years of initial application which indicated that fungus can survive well in soil 

(25,129,102).  It can survive in the soil as a free conidia (asexual spores), as a conidia in 

pycnidia or as mycelium (17).  However, it cannot germinate in a soil and utilize organic 

substrates as saprobes (191).  Thus, C. minitans is considered to be an obligate 

mycoparasite and depends mainly on sclerotia of Ascomycota fungi for food (189).  The 

fungus survives within the infected sclerotia in soil for more than 15 months after 

infection as conidia within pycnidia and as dried conidial droplets on the top of pycnidia 

(175, 17).  Regarding the efficacy of parasitism, two conidia of C. minitans are sufficient 

enough to infect sclerotia of S. sclerotiorum under ideal condition (55).  Once C. minitans 

hyphae started colonizing the inner medulla layer of the sclerotia, it produces pycnidia on 

the surface of the sclerotia and conidial droplets are exuded onto the surface of the 

infected sclerotia in 14 days under ideal conditions (188, 17).  The pycnidia and dried 

intact conidial droplets stay intact on the infected sclerotia for 6 months and 

approximately 13% of conidia in dried pyncidia have been shown to be viable even after 

10 months of infection (17).  However, under high temperature (> 25° C), C. minitans 

may not survive in sclerotia in soil for longer than 6 months (145). 
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 Interestingly, it has been observed that C. minitans growth follows the mycelium 

of S. sclerotiorum and parasitize both mycelium and sclerotia formed within root tissue of 

lettuce and the pith of lower parts of stems in sunflower (84, 107).  Similar kinds of 

observations were also noticed in beans infected with S. sclerotiorum where C. minitans 

followed the mycelia and parasitized again both mycelia and sclerotia formed within the 

stem and on the stem surface during the foliar infections (132,177).  Several other 

Coniothyrium species are necrotropic pathogens or saprobic on decaying material (184).  

For example C. fuckelii, and C. zulense are pathogenic on eucalyptus and raspberry, 

respectively (192, 34).  These observations from several studies obviously raised the 

questions on the infective nature of C. minitans on the plant.  Thus, a more detailed study 

was carried out to test the infection potential of C. minitans on plants.  Inoculation of C. 

minitans on 17 plant species that are mainly hosts of S. sclerotiorum and S. trifoliorum 

did not cause disease which revealed that C. minitans are not a plant pathogen (179,180).  

Similarly, the inoculation of C. minitans on cut plant tissues did not show any symptoms 

or sign of growth (57) which again supports that C. minitans is a mycoparasite not a plant 

pathogen.  Therefore, it has been suggested that C. minitans might have lost its ability to 

infect the plant material and has become adapted to utilize sclerotia in the soil as a 

protected food source.  

Inter and intra specific variation of C. minitans 

 The inter and intra specific variation of various strains of C. minitans and various 

species of Coniothyrium such as C. fuckelii, C. cerealis and C. sporulosum was studied 

through simple sequence repeat (SSR)-PCR amplification using a microsatellite primer 
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and ribosomal RNA gene sequencing.  Forty eight strains from 17 countries, representing 

8 colony types were used in this study.  The results from SSR-PCR revealed that there is 

a relatively low level of polymorphism between the strains of C. minitans.  There was no 

correlation between SSR-PCR profiles and colony type but there was a limited 

correlation between the country of origin and SSR-PCR profiles.   Interestingly, the 

sequencing of ITS 1 and ITS 2 region and the 5.8S gene of rRNA of 24 strains of C. 

minitans revealed that these sequences were identical irrespective of country of origin 

and colony type, which indicated that C. minitans was not genetically variable despite the 

phenotypic variation.  It also revealed that C. minitans has 94% similarities with C. 

fuckelii and C. sporulosum and 64% with C. cerealis.   Subsequent phylogenetic analysis 

revealed that C. minitans, C. sporulosum, C. bicolor clustered in one clade grouping with 

Helminthosporium spp. and Leptosphaeria bicolor.  C. cerealis grouped with 

Amphelomyces quisqualis and clustered with members of the Phaeosphaeriacae (136). 

Mechanisms of Coniothyrium minitans parasitism  

 Coniothyrium minitans is generally considered as a highly specialized 

mycoparasite of sclerotia (29,188).  However, several in vitro studies have revealed that it 

could also parasitized individual hyphae of S. sclerotiorum (86,177). 

Hyphal parasitism 

 Hyphal interactions between C. minitans and S. sclerotiorum have been studied in 

detail through electron and light microscopy, which revealed that the penetration of cell 

wall of hypha of S. sclerotiorum can occur directly from the tip of the main hyphae or 

from the tip of branched hyphae of C. minitans.  During the infection, indentation and 
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breakage of the hosts at the penetration sites are evident.  Granulation and vacuolation of 

host cytoplasm occurs as the result of development of intracellular hyphae of C. minitans.  

The infected S. sclerotiorum mycelia collapse and become necrotic.  Once C. minitans 

kills S. sclerotiorum hyphae, it may exit the infected hyphae and produce a mucilaginous 

material around the dead hyphae where it may subsequently continue to proliferate (188).   

 Results from several in vitro studies showed that C. minitans inhibits the colony 

growth of S. sclerotiorum and Stromatinia cepivorabefore contact (58, 202, 73, 145).  The 

results indicated that C. minitans may produce and release antifungal secondary 

metabolites or lytic enzymes in advance of contact with pathogens to inhibit its mycelia 

growth (186, 145).  Incorporation of culture filtrates obtained from C. minitans into liquid 

media significantly reduced the mycelia production of S. sclerotiorum and S. cepivorum 

(52).   The presence of cell wall degrading enzymes, exo and eno-β-1-3 glucanases, and 

chitinases has been found in culture filtrates of C. minitans and the activity of these 

enzymes in cell wall lysis of S. sclerotiorum has been confirmed (99, 100).  These results 

suggested that these lytic enzymes could be involved in the penetration and degradation 

of hyphae of S. sclerotiorum. 

Sclerotial Parasitism 

 Coniothyrium minitans hyphae penetrates sclerotia through the outer pigmented 

rind intercellularly or via existing cracks in the sclerotial surface.  The outer dark-

melanized rind layer is more resistant to invasion than the un-pigmented middle cortical 

and inner medullary tissues.  The penetration of the outer rind is achieved mainly through 

the enzymatic degradation (87) and also through by physical pressure (146).   Once C. 
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minitans penetrates the outer rind, it grows both inter and intracellularly through the 

unpigmented internal tissues of the cortex and inner medulla resulting in the destruction 

and disintegration of the sclerotium tissues.  The cytoplasm of the invaded cells undergo 

plasmolysis, granulation, and vacuolation which eventually lead to the gradual 

degradation of the cell.  The susceptibility of sclerotia of S. sclerotiorum to C. minitans 

infection differs with different isolates.  Tan sclerotia which lack melanin in their outer 

layer are significantly more susceptible and become degraded more rapidly than normal 

sclerotia containing a pigmented outer layer (85).  In addition, the sclerotia produced on 

potato dextrose agar are less susceptible than those collected from infected sunflower, 

bean, or cabbage plants (85, 194,176, 178).  Interestingly, the sclerotia formed inside the 

stem of bean were less susceptible and survived longer in soil than those formed on the 

surface of the plants.  This suggests that the sclerotia that are formed in the field under 

stress condition are likely to have less reserve food and less intact rinds which may lead 

to greater susceptibility to infection by mycoparasites (131). 

Sclerotial exudates and oxalic acids 

 Coniothyrium minitans is an obligate mycoparasite and sclerotia serve as reservoir 

for C. minitans in soil.   Exudates of sclerotia of S. sclerotiorum contain lipids, amino 

acids, proteins, and carbohydrates which may serve as potential nutrients for the growth 

of mycoparasites.  C. minitans germinates very poorly in pure water and requires 

exogenous factors for optimal germination.  In the presence of sclerotial exudates, C. 

minitans spore germination increased by 40-50% regardless of the fungal strains involved 

(64).  It has also been observed that the growth of C. minitans towards live or autoclaved 
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sclerotia or towards sclerotial exudates was significantly greater than that in opposite 

direction or in the control with no exudates (64).  However, the molecular mechanisms 

involved in the directional of mycelia of C. minitans towards exudates or sclerotia of 

Sclerotinia sclerotiorum are not known.   

S. sclerotiorum secretes oxalic acid to regulate their morphogenesis and also to 

successfully attack the plant host.  Result from study by Ghaffar (59) showed that oxalic 

secreted by Sclerotium delphinii inhibited the growth and spore germination of other 

fungi.  In contrast, the effect of oxalic acid on C. minitans was studied and the results 

revealed that it did not inhibit the mycelia growth of C. minitans (64).   

Molecular aspects of mycoparasitism 

 Coniothyrium attacks only the sclerotia of ascomycetous fungi including 

Sclerotinia sclerotiorum, S. minor, S. trifoliorum and Stromatinia cepivora (182) but not 

the sclerotia of any of basidiomycetous fungi (188).  The reasons for the selective nature 

of C. minitans on sclerotia of ascomycetous are not known.  In addition, the information 

on molecular interaction between C. minitans and S. sclerotiorum is very limited.  

 Coniothyrium minitans penetrates through the fungal host cell wall composed 

mainly of β -1-3 glucan, and the characterization and expression of β-1-3 glucanase gene 

in C. minitans during sclerotia parasitism has been undertaken (60).  In this study, exo-β -

1-3 glucanase gene of C. minitans (cmg1) was found to have high nucleotide and amino 

acid sequence similarity to the sequence of other fungal exo-β -1-3 glucanase genes.  This 

gene is highly expressed during parasitic interactions with S. sclerotiorum and also in the 

presence of ground sclerotia of S. sclerotiorum.  In addition, the purified glucanase 
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enzyme inhibited the mycelia growth of S. sclerotiorum in vitro by 35 and 85% at 

concentrations of 300 and 600 µg/ml, respectively (60).   The collective results from this 

study revealed that exo-β-1-3 glucanase is one of the major cell degrading components 

employed by C. minitans during penetration of sclerotia of S. sclerotiorum (60).  

However, the factor(s) inducing the expression of this pathogenicity gene is not known. 

 Recently, restriction enzyme mediated integration (REMI) and Agrobacterium 

mediated transformation were used for insertional mutagenesis to identify the gene(s) 

important for pathogenesis in C. minitans.  Eleven mutants that lost mycoparasitic 

activity were identified (156, 109) and further analysis of these mutants are currently 

underway.  The regions flanking the site of insertion in some of the REMI mutants were 

sequenced and identified which show high homology to PIF1, a DNA helicase gene in 

yeasts and filamentous fungi.  The introduction of a copy of wild-type PIF1 gene into the 

mutant restored the mycoparatic activity on sclerotia.  Based on additional study by 

Doudican et al. (46), it is hypothesized that the PIF1 gene likely plays a significant role 

in maintaining mitochondrial integrity in response to oxidative stress.  A T-DNA 

insertional library was successfully created through Agrobacterium mediated mutagenesis 

and was comprised of sporulation deficient mutants, pathogenicity mutants, pigment 

change mutants, and antibiotic deficient mutants.  Analyses of these mutants are also 

underway to unravel the molecular mechanisms involved between the C. minitans and S. 

sclerotiorum (109).  

 A study was carried out to identify the genes regulating the sclerotial 

mycoparasitism in C. minitans using a PCR-based suppression subtractive hybridization 
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(SSH) method (189).  Two hundred and fifty one putative genes were identified 

belonging to diverse functional categories such as signaling, cellular communication, cell 

wall degradation and hydrolysis of energy reserves, production of anti-microbial 

metabolites, detoxification, stress response, and nutrient utilization.  Among the 

identified putative genes, 35 encoded a whole range of hydrolytic enzymes, which once 

again supports the earlier results that hydrolytic enzymes play an active role in degrading 

the fungal cell during the penetration of hyphae and sclerotia of S. sclerotiorum.  This 

study also suggested that some of these enzymes are likely to play a role in remodeling 

the cells of C. minitans as the mycoparasite grows through the sclerotial host (189).  

About 20% of the genes identified in C. minitans are of unknown function which 

suggests that they could play novel roles in mycoparasitism (189). 

Lectin 

 Fungal infections are mainly initiated through the attachment of fungal parasite to 

the host cell surface, and this is the primary prerequisite for penetration of the host cell 

(120).  Lectins (proteins that bind to certain carbohydrate groups) have been shown to be 

involved in attachment of the pathogen on the host surface and recognition of the host.  

For example, Piptocephalis virginiana, a mycoparasite of mucoraceous fungi, attaches 

readily to the surface of the host Choanephora cucurbitarum but not to the non-host  

Mortierrella candelabrum.  This attachment is mediated through the interaction of lectin 

from the host fungus and the corresponding carbohydrate groups in the mycoparasite 

(119,121).  Similarly, the lectin or lectin-like moieties present on the cell surface of 

mammalian cells interacts with specific Candida albican, a fungal vertebrate pathogen, 
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cell surface effectors and facilitates a successful infection (106).  To further demonstrate 

the role of lectins during parasitism, it has been shown that when plant lectins ConA and 

wheat agglutinin are coated onto nylon fiber, the coiling of the mycoparasite 

Trichoderma around the nylon fiber is induced through interaction with corresponding 

sugars (94).  

 Results from the study by Smith et al. (166) showed that both spores and 

germlings of C. minitans are readily bound to plant lectins indicating that there is active 

interaction between plant lectin and carbohydrate in C. minitans.  However, the avidity of 

spores and germlings to different lectins are different.  Spore walls of C. minitans bound 

more to ConA than the other lectins.  However, hyphal wall of germlings bound more to 

wheat germ agglutininin.  These differential lectin binding properties of conidia and 

germlings may influence their surface interaction and adhesion characteristics (166).  

Although this study revealed that C. minitans spore surface has sugar moieties to interact 

with lectin, it did not explore the possible role of this lectin-carohydrate interaction in C. 

minitans during its interaction with its host Sclerotinia spp.  

 It has been shown that Coniothyrium minitans attacks only the sclerotia of a few 

ascomycetous fungi including Sclerotinia  sclerotiorum, S. minor, S. trifoliorum and 

Stromanita cepivora (182) but not those of Cibrinia camellia, nor of sclerotia of any of 

basidiomycetous fungi (188).  The reasons for the selective nature of C. minitans on 

sclerotia of ascomycetous are not known.  However, it has been recently shown that 

lectin from Sclerotinia sclerotiorum represents a novel family of fungal lectin with 

unique sugar binding properties.  The sequences of lectin of S. sclerotiorum are fairly 
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common within the fungal family Sclerotineaceae but not in any other fungal groups.  

Thus, the Sclerotinia sclerotiorum type lectin appears confined to a small taxonomic 

group of ascomycota (181) and possibly determines the substrate specificity of C. 

minitans.   

Biological potential of Coniothyrium minitans 

 The potential of Coniothyrium minitans as a biocontrol agent against S. 

sclerotiorum and S. minor was recognized soon after it was first isolated and identified 

(29).  C. minitans successfully colonized sclerotia of both S. sclerotiorum and S. minor 

and produced pycnidia within 10 days after the placement of C. minitans spores 

suspensions on the sclerotial surfaces (29).  Following its first description, the presence 

of C. minitans has been recorded on most all continents and its potential as a biocontrol 

agent has been tested against several sclerotia-producing fungi in several cropping 

systems in both greenhouse and field–based experiments.   

 Previous greenhouse studies revealed that the application of C. minitans 

significantly reduced lettuce drop caused by S. sclerotiorum by 50% compared to 

untreated infested control (26).  Among several biocontrol fungi tested against S. 

sclerotiorum including Trichoderma spp. Fusarium spp., Gliocladium spp., and 

Chaetomium globosum, , C. minitans performed superior (101).  Moreover, Trichoderma, 

perhaps the most well characterized and extensively commercialized fungal biocontrol 

agent, as well as Gliocladium spp., a close relative, did not reduce the viability of 

sclerotia to any significant extent (101).   
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 A five-year study conducted to test the effect of C. minitans on crops infected 

with S. sclerotiorum revealed that the C. minitans effectively reduced the sclerotia 

population in soil (54).  In this study,  crops susceptible to S. sclerotiorum such as potato, 

bean, carrot, and chicory were grown in rotation and C. minitans or Trichoderma spp. 

were tested for efficacy in reducing sclerotia viability and disease incidence.  At the end 

of every season, C. minitans had infected more than 90% of the sclerotia in treated crops, 

and the number of apothecia-forming sclerotia was also significantly reduced compared 

to control.  The incidence of disease was also reduced by 50% at the end of the fifth year 

in treated plots compared to control plots.  And once again, Trichoderma spp. did not 

suppress either sclerotial survival or disease incidence.  These results suggested that C. 

minitans has the potential to keep the sclerotia level low in soil even with rotations to 

crops that are susceptible to S. sclerotiorum (54).   

C. minitans has also been shown to be effective against S. minor.  In studies 

conducted in commercial lettuce fields in Australia, applications of C. minitans reduced 

sclerotia viability of S. minor when it was applied on lettuce plants showing the earliest 

symptoms of lettuce drop (96).  In commercial peanut fields, the application of C. 

minitans reduced the incidence of Sclerotinia blight caused by S. minor and also the 

number of sclerotia in soil (140).  In addition to sclerotia mortality, C.  minitans is also 

effective in suppressing carpogenic germination of sclerotia and it effectively reduced the 

formation of apothecia in vitro and in vivo experiments.  In lettuce, applications of C. 

minitans also significantly reduced the incidence of lettuce drop caused by S. minor under 

greenhouse conditions (31). 
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 In addition to potential effect on S. sclerotiorum in lettuce crop systems, C. 

minitans has also shown to be effective on S. sclerotiorum on other crop systems such as 

beans, alfalfa, snap bean, cabbage and sunflower, etc. (151,56,110, 168, 129).  In alfalfa, 

three applications of C. minitans at 7 days interval significantly suppressed pod rot in two 

out of three trials, and effectively suppressed seed rot in all three trials (111).  In bean, the 

application of C. minitans effectively suppressed S. sclerotiorum induced disease on 

detached leaves under laboratory condition.  However, it did not perform as well on 

leaves of beans under field conditions resulting in poor disease suppression.  Although in 

this study it did not reduce the disease incidence significantly, the number of sclerotia 

formed on the C. minitans treated plants was 50% lower than that on untreated infested 

controls.  In addition, the sclerotia formed on C. minitans treated plants formed apothecia 

less frequently than those formed on control plants (177).  The results from another study 

showed that the application of conidial suspensions of C. minitans to a bean crop 

immediately after white mold outbreak led to a higher percentage of sclerotial infection 

than later applications (55).  It was found that the application of conidial suspension @ 

1000 l/ha (106 conidia/ml) sprayed immediately after the first symptoms of disease 

appeared, resulted in more than 90% infection of sclerotia of S. sclerotiorum (55).  C. 

minitans has also shown to be effective against stem rot of oilseed rape caused by S. 

sclerotiorum (200).  In onions, C. minitans has been shown to be effective against 

sclerotia of Stromanita cepivora, causal agent of white rot of onion, and the application 

of C. minitans significantly reduced the sclerotia soil populations under field conditions. 

(143). 
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Fig. 1 Disease cycles of Sclerotinia sclerotiorum and S. minor on lettuce 

 

        Subbarao 1998. 
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II PRESENT STUDY 

This dissertation work involved a number of studies on the development of 

biocontrol strategies for the management of lettuce drop caused by Sclerotinia 

sclerotiorum and S. minor in desert agroecosytems of Arizona and California.  These 

strategies can hopefully be used either independently or in conjunction with standard 

chemical control strategies.  Over the course of this work, several additional studies were 

also conducted to understand the mechanisms involved in parasitism of Sclerotinia spp.  

by the mycoparasitic fungus Coniothyrium minitans.  The methods, results, and 

conclusions of these studies are presented in the sections appended to this dissertation.  

Following is a summary of the methodology employed, the most important findings, and 

the conclusions drawn from such findings.  

 Initial field experiments were set up at the University of Arizona Yuma 

Agricultural Center, Yuma, AZ, and at the University of California Desert Agricultural 

Research and Extension Center, Holtville, CA, to evaluate different biocontrol products 

against lettuce drop caused by S. sclerotiorum and S. minor.  These experiments were 

designed as randomized complete blocks, usually with four blocks.  Pathogen inocula of 

S. sclerotiorum and S. minor were produced on sterilized barley seed and potato, 

respectively.  Pathogen inoculum was applied by hand on the top of each bed.  The 

crisphead lettuce cultivar Winterheaven was used as the host.  Biocontrol agents tested in 

both Yuma and Holtville experiments included Contans (Coniothyrium minitans; 

Prophyta, Germany), Plantshield (Trichoderma harzianum; Biowroks, Inc., Victor, NY, 

USA), Supresevit (T. harzianum; Binab USA, Inc., Bridgeport, CT, USA), Soilgard 
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(Gliocladium virens; Certis U.S.A., L.L.C., Columbia, MD, USA), and Companion 

(Bacillus subtilis; Growth Products Ltd., White Plains, NY, USA).  A chemical treatment 

consisting of a single application of Rovral 4F was included in each experiment for 

comparison as a chemical standard frequently used in desert lettuce production.  At plant 

harvest, the numbers of healthy symptomless lettuce plants were recorded for each 

treatment and the percent lettuce drop incidence was calculated.  In addition 10 

marketable symptomatic lettuce heads were collected randomly in each treatment and 

weighed to fully asses the total economic benefit from each treatment. 

 In subsequent studies, soil populations and spatial distributions of sclerotia 

produced by S. sclerotiorum were determined in commercial lettuce production fields of 

AZ and CA.  Six fields were selected and each field was divided into eight quadrants.  In 

each quadrants, a single plot (10 X 20 m) was randomly selected for soil sampling.  In 

each plot, 24 soil cores (100 g of soil/core) were collected along both diagonals at 2 m 

intervals with by inserting a 2.65 cm-diameter soil augur to a depth of 7 cm.  Sclerotia 

populations were determined by wet sieving.  In three fields, sclerotia viability was also 

determined by plating surface sterilized sclerotia on 2% water agar plate and calculating 

the percent viability averaged across each fields.  Descriptive statistics such as mean, 

variance, and range for sclerotia/100g soil were calculated for all fields.  In addition, 

three indices of dispersion, the variance to mean ratio, Morisita’s index of dispersion, and 

Lloyd’s index of patchiness, were calculated to determine sclerotial distribution.  The 

spatial pattern within plots and the effect of varying the size of the sampling unit on the 
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detection of underlying spatial patterns were analyzed using Hill’s two-term local 

quadrate variance methods.   

The potential of sclerotia of S. sclerotiorum to infect different lettuce types at 

varying sclerotium densities under different irrigation types were determined in 

additional field studies. These experiments were conducted at the same two Research 

Centers mentioned previously and designed as a split-split plot design with three blocks.   

Irrigation types (furrow and sprinkler), lettuce type (crisphead, romaine, and leaf), and 

sclerotium density (0, 2, 10, 40, and 100 sclerotia/ m2 bed) were the main plot, subplot 

and sub-subplot, respectively.  The production and application of sclerotial inoculum was 

followed in the same manner as mentioned earlier.  Each treatment plot consisted of four 

10 m beds and lettuce was planted on beds with 102 cm between bed centers with two 

rows of lettuce spaced 30 cm apart on each bed.  At plant maturity and harvest, the 

numbers of healthy, symptomless, lettuce plants from the center two beds were recorded 

and the percentage lettuce drop incidence was calculated.   

 The effect of irrigation types (sprinkler vs furrow) on the efficacy of the 

biocontrol agent Coniothyrium minitans (Contans) against S. sclerotiorum at different 

sclerotium density was determined in separate experiments run concurrently with the 

previous set of experiments.  These experiments were also carried out the same Research 

Centers and as split-split plot designs with three blocks.  Irrigation types (furrow vs 

sprinkler), inoculum level (0, 20, and 200 sclerotia/m2 bed) and the product application 

were the main plot, subplot, and sub-subplot, respectively.  Crisphead (cv. Winterhaven) 

lettuce was used as the host.  The production and the application of sclerotial inoculum 
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were followed the same way as mentioned earlier.  The planting of lettuce and the size of 

the bed were the same as mentioned previously.  Biocontrol agents Contans and 

Companion were tested and applied as either single application at the time of planting or 

two applications at planting and immediately after thinning.  A chemical treatment of 

Rovral 4F was included as a chemical standard.  At plant maturity and harvest, the 

numbers of healthy, symptomless, lettuce plants from the center two beds were recorded 

for each treatment and the percentage lettuce drop incidence was calculated.     

 In subsequent field studies focused on the control of S. minor, different 

application rates of Contans and field isolates of Paenibacillus polymyxa, a bacterium 

with reported biocontrol potential, were evaluated for efficacy in controlling lettuce drop.  

There experiment was also carried out at the previously mentioned Research Centers and 

designed as a randomized complete blocks with three blocks.  The inoculum preparation, 

application, field preparation, planting, and product applications were followed the same 

manner as mentioned previously.  The application rates tested for C. minitans were much 

higher than used in previous studies and included rates up to 5X manufacturer 

recommendations.  Paenibacillus polymyxa inoculum was prepared by collecting the log 

phase culture grown in L media and was applied three times (at planting, thinning, and 

one month post-thinning) at the rate of 9.4 liters/ha with concentration of 109 cfu/ml.  A 

chemical treatment of Endura (a.i. boscolid) was included as a chemical standard.  At 

plant maturity and harvest, the numbers of healthy, symptomless, lettuce plants from the 

center two beds were recorded for each treatment and the percentage lettuce drop 

incidence was calculated.   



 

 

 

74

In studies focused on biochemical interactions between C. minitans and 

Sclerotinia spp., sclerotial exudates of S. sclerotiorum and S. minor were examined to 

determine if the compound(s) that act as primary stimuli for C. minitans spore 

germination are differentially present. Sclerotia were collected from 15- 20 day-old 

Sclerotinia cultures on PDA plates and soaked in water for 1 hr (1g of sclerotia/10 ml of 

water).  These exudates were passed through 0.2 µM filters to remove fungal mycelia, 

and were fractionated with ethyl acetate with each polar and non-polar fractions collected 

separately. The ethyl acetate fraction was dried and resuspended in DMSO.   Both polar 

and the non polar fractions were tested for their stimulatory effect on C. minitans spore 

germination.  Coniothyrium minitans spores (30 µl at 105 spores/ml) were mixed with 30 

µl of each fraction in a cavity microscopic slide and incubated at 20ºC for 48 hrs. Percent 

spore germination was calculated by counting 100 spores on cavity slides in 3 fields of 

view under compound microscope 

In fungi, G proteins play an important role during sexual and pathogenic 

development.  In addition they also play an important role in the biocontrol fungi 

Trichoderma regarding sensing its host Rhizoctonia solani and Botrytis cinerea.  The 

factors involved during the directional growth of C. minitans towards Sclerotinia 

stimulus have not yet been characterized.  However, G proteins have been shown to be 

involved in sensing carbon source in several fungi.  Thus, a role of G protein in C. 

minitans during the directional growth towards Sclerotinia stimulus was hypothesized 

and examined through a pharmacological approach using the G protein inhibitor Suramin.  

Mycelial plugs of C. minitans obtained from a week old culture plate were placed in the 
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center of 2% water agar (WA) plated containing different concentration of Suramin (0, 

10, and 300 µM).  A strip of WA (2.5 X 1 cm) was removed from one side of the plate 

approximately 2.5 cm away from the mycelial plug and filled either with WA (control) or 

WA containing sclerotial exudates of either S. sclerotiorum or S. minor.  The plates were 

incubated at 20ºC for 10 days.  Growth of C. minitans towards and opposite to the 

stimulus were measured and compared. 

 Coniothyrium minitans has been shown to attack only the sclerotia of some 

ascomycetous fungi but not the sclerotia of basidimycetous fungi.  The reasons for the 

selective nature of C. minitans on sclerotia of ascomycetous fungi are not known.  

However, it has been suggested that differential production of specific lectins might be 

responsible for the observed specificity of C. minitans parasitism.  Thus, the role of 

lectin-carbohydrate interaction in biocontrol agent C. minitans during parasitism of 

Sclerotinia spp., was examined.  The commercially available lectins, concanavalin A, 

soybean agglutinin, wheat germ agglutinin, and lectins purified from both Sclerotinia 

spp. were used to determine lectin interacting properties of C. minitans through 

agglutination assay,   Lectin effects on spore germination through spore germination 

assay were also examined.  Lectins from Sclerotinia spp. were obtained through 

purification through Gal-Sepharose 4B affinity columns.  Sclerotia collected from 

Sclerotinia culture plates were powdered and suspended in PBS for 1 hr at room 

temperature.  The solution was centrifuged at 6000 rpm for 10 min and the supernatant 

was collected and adjusted to pH 4.0 with 1 M acetic acid.  The solution was once again 

centrifuged and the supernatant was filtered through Whatmann filter paper.  The pH of 
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the final supernatant was adjusted to 7.0 with 1M NaOH and loaded on Gal-sepharose 

column pre equillibriated with PBS.  Unbound proteins were eluted with PBS until the 

A280 of the elute fell below 0.01.  The lectin was then desorbed with 0.1 M galactose in 

PBS and dialyzed over night against 25mM sodium formate buffer.  SDS gel 

electrophoresis was performed to confirm the recovery of the native Sclerotinia lectin. 

 Several significant findings emerged from these studies that have direct bearing 

on the management of lettuce drop caused by S. sclerotiorum and S. minor.  In particular, 

the results from the first years of study revealed that only the commercial formulation of 

Coniothyrium minitans (Contans) was effective against lettuce drop caused by S. 

sclerotiorum, but not against S. minor.  The reasons for this differences in control 

efficacy of C. minitans on different Sclerotinia spp., is not known at the time.  Thus, 

work was initiated during the final part of the dissertation to answer the above puzzle on 

the differential efficacy of C. minitans on different Scleroltinia spp.  In addition, this 

study also exposed the ineffectiveness of the other commercially available biocontrol 

products including the Trichoderma spp. and Bacillus subtilis, the most widely used 

mycoparasites for the management of lettuce drop caused by either of Sclerotinia spp.  

 To better understand ecological dynamics of Sclerotinia in the field, the sclerotia 

population of S. sclerotiorum and their distribution pattern was determined in the 

commercial lettuce production field of Arizona and California.  The results indicated that 

the sclerotia population of S. sclerotiorum in winter lettuce production fields in these 

deserts regions was high and followed the aggregated distribution.  The observed high 

sclerotial populations, higher than those reported in other lettuce production areas, were 



 

 

 

77

likely the result of a much more intensive lettuce cropping system used in the desert 

production areas  as the high value of the winter lettuce crop favors yearly lettuce 

production and discourages winter crop rotation.  Additionally, there are few 

economically viable measures to reduce sclerotia populations in soil once established, so 

with yearly lettuce production S. sclerotiorum soil populations annually increase.  The 

results also revealed that the sampling strategy used in this work was reasonable to 

accurately estimate the observed sclerotia population and distribution pattern of S. 

sclerotiorum in commercial lettuce production field and thus, can be used in future 

studies. 

 The relationship between the sclerotium density of S. sclerotiorum and lettuce 

drop incidence was successfully established for the desert lettuce production which is 

critical for the development of effective management strategies.  The results revealed that 

even the low level of sclerotial inoculums used in some treatments (10 sclerotia/m2 bed) 

was sufficient enough to cause economic damage.  In addition, results also revealed that 

crisphead and leaf lettuce were the most susceptible lettuce types and romaine was much 

more tolerant to S. sclerotiorum infection.  Another interesting finding from this study 

was that the types of irrigation (sprinkler or furrow) was not an important factor for S. 

sclerotiorum to successfully cause disease in all types of lettuce,  

 The results from the field experiments that determine the effect of irrigation on 

the efficacy of C. minitans revealed that there was no significant effect of irrigation on C. 

minitans performance on controlling lettuce drop such that treatments applied under 

furrow irrigation performed similarly as did those under sprinkler irrigation.  This study 
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once again confirmed that C. minitans is an effective biocontrol agent in suppressing 

lettuce drop caused by S. sclerotiorum and outperformed the commonly used fungicide 

iprodione. 

 The results from the fractionation of sclerotial exudates of Sclerotinia spp., 

experiment revealed that only polar compounds in exudates stimulated C. minitans spore 

germination and the percent of spore germination was similar to that of using crude 

exudates.  The compounds in the ethyl acetate fractions did not stimulate spore 

germination.  These results also revealed that these polar compounds are present in both 

Sclerotinia spp.  This study also indirectly revealed that the ineffectiveness of C. minitans 

on S. minor in field conditions is not due to an absence of stimulus in the S. minor 

exudates, but may more likely be due to the quantity of stimulus released from small-

sized sclerotia.  This hypothesis was tested in the field conditions by increasing field 

application rates of C. minitans against S. minor, which resulted in a much higher level of 

disease control.  However, the rate of application of C. minitans required to manage S. 

minor was much higher (five times) than that required to control S. sclerotiorum in the 

field.   However, these results revealed that perhaps lettuce drop caused by S. minor could 

also be successfully managed with biocontrol agent C. minitans in desert agroecosystem 

with a modification of product application.   

 The results from lectin-carbohydrate interaction study in C. minitans revealed that 

C. minitans spore surface has sugars specific to lectins such as, concanavalin A, soybean 

agglutinin and wheat germ agglutinin, as well as lectins obtained from Sclerotinia 

sclerotia, and that they interact readily with these lectins and agglutinate.  In addition, this 
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study also revealed that the lectin-carbohydrate could have positive or negative 

consequences regarding the efficacy of the biocontrol fungi C. minitans.  For example, 

concanavalin A significantly inhibited spore germination of C. minitans when it was 

incubated with scleroltial exudates of both Sclerotinia spp., whereas other lectins tested 

in this study did not inhibit the spore germination. Thus, although lectin-carbohydrate 

interactions are in effect during host-mycoparasite interaction and may impact the 

outcome of mycoparasitism, the exact role in biocontrol efficacy will need to be 

elucidated more fully in future studies.   
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APPENDIX A 

BIOCONTROL OF LETTUCE DROP CAUSED BY Sclerotinia sclerotiorum AND 

S. minor IN DESERT AGROECOSYSTEMS. 

 This manuscript was published in December 2008 in the journal of Plant Disease. 

Research involving the evaluation of different biocontrol products against lettuce drop 

pathogens under field conditions was partly performed by Periasamy Chitramplam.  In 

vitro fungicide sensitivity test of different biocontrol agents to different fungicides was 

exclusively performed by Periasamy Chitrampalam.  Patricia Figuli helped to set up field 

experiments.  The manuscript was written by Periasamy Chitrampalam and was revised 

and corrected by Dr. Barry M. Pryor, Dr. Mike Matheron, and Dr. Krishna Subbarao.  
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ABSTRACT 

Chitrampalam, P., Figuli, P. J., Matheron, M. E., Subbarao, K. V., and Pryor, B. M.  

2008.  Biocontrol of lettuce drop caused by Sclerotinia sclerotiorum and S. minor in 

desert agroecosystems.  Plant Disease 92:1625-1634. 

Field experiments were conducted over two years in Yuma County, AZ and Imperial 

County, CA, to determine the efficacy of several biocontrol agents for the management of 

lettuce drop caused by Sclerotinia spp.  Commercial formulations of Trichoderma 

harzianum (Plantshield, Supersivit), Gliocladium virens (Soilgard), Coniothyrium 

minitans (Contans), and Bacillus subtilis (Companion) were evaluated and compared to 
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the chemical fungicide iprodione (Rovral) against S. sclerotiorum and S. minor.  Single 

application of biocontrol products or of Rovral did not reduce lettuce drop caused by 

either Sclerotinia.   However, two applications of Contans, one at planting and one at 

post-thinning, significantly reduced the incidence of lettuce drop caused by S. 

sclerotiorum and increased yield but had no effect on S. minor at both locations in both 

years.  Two applications of other biocontrol products did not significantly reduce disease 

incidence despite medium to high recovery following application.  In contrast, Contans 

was only sporadically recovered following application.  In vitro fungicide sensitivity 

evaluation revealed that both Trichoderma and Gliocladium species were tolerant to 

iprodione, dicloran (Botran), and vinclozolin (Ronilan) up to 1000 ppm a.i., whereas both 

Sclerotinia spp. and C. minitans were sensitive to all three fungicides above 1 ppm.  In 

summary, Contans was the most effective treatment for the control of lettuce drop caused 

by S. sclerotiorum but no treatment was effective against S. minor in the desert lettuce 

production systems. 

________________________________________________________________________ 

INTRODUCTION 

Lettuce (Lactuca sativa L.) is one of the most widely consumed vegetables in the 

United States, and California and Arizona account for over 95% of the US production.  

Lettuce production occurs in three distinct regions within California depending on the 

season with one season coinciding with production in Arizona.  Spring and summer 

production occurs in the Salinas Valley and coastal California, fall and spring production 
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occurs in the San Joaquin Valley, CA, and winter production is concentrated in the desert 

valleys of Yuma Co, AZ and Imperial Co, CA (45,10).  In all production areas, lettuce 

drop is one of the most common and destructive diseases as it is in most other lettuce-

growing regions of the world (22,55,43).  Crop losses may vary from <1% to nearly 75 % 

(50) and in some cases entire fields may be lost (52). 

Lettuce drop is caused by two closely related fungi, Sclerotinia sclerotiorum (Lib.) de 

Bary and S. minor Jagger.  Although both fungi are present in the lettuce growing areas 

of Arizona and California, their prevalence in the different production regions is 

somewhat distinct.  In the cooler coastal California, S. minor is the predominant species 

whereas in desert production areas of Yuma and Imperial counties S. sclerotiorum is the 

predominant species (53).  Both fungi produce sclerotia, which function as survival 

propagules and primary inoculum for subsequent lettuce crops.  Sclerotinia minor infects 

lettuce primarily by hyphae from myceliogenic germination of sclerotia.  However, S. 

sclerotiorum may infect either by mycelial germination of sclerotia or by ascospores from 

apothecia produced by carpogenic germination of sclerotia.  The formation of apothecia 

and subsequent ascospore production depends on soil temperature and moisture 

(53,18,5,56), and conditions conducive for this are infrequently encountered in desert 

production areas (39).  Thus, the main cause of lettuce drop in the southwest deserts is 

through eruptive/direct germination of sclerotia of S. sclerotiorum.  

There currently are no commercial lettuce cultivars with resistance to either 

Sclerotinia spp. (53).  Moreover, crop rotation is not an acceptable management 
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alternative because Sclerotinia spp. have a broad host range and extended survival in soil 

in the absence of hosts (18,53).  Thus, current management strategies for lettuce drop rely 

heavily on chemical applications.  Fungicides such as dicloran (Botran), iprodione 

(Rovral), and vinclozolin (Ronilan) have provided a modest level of control of lettuce 

drop in most situations (36,39,53).  However, the ability of iprodione and vinclozolin to 

control lettuce drop under intensive lettuce production can be short lived due to rapid 

degradation in soil (53).  In addition, resistance to iprodione and vinclozolin in 

Sclerotinia spp. has been reported under laboratory conditions.  Moreover, iprodione-

resistant strains have exhibited cross-resistance against vinclozolin and vice versa 

(13,25).  The heightened concern over pesticide residue on lettuce crops considering the 

prominence of lettuce in the daily diet, environmental effects from frequent fungicide 

applications and a desire for higher level of disease control than that provided by 

fungicides currently available (39), support the development of non-chemical approaches. 

Considerable research has been conducted on evaluating biological control strategies 

for the management of Sclerotinia species in many cropping systems (16,23,24,40).  

Most contemporary research involves the use of mycoparasitic fungi that specifically 

attack fungal hyphae or degrade sclerotia.  The most notable of these are Trichoderma 

spp., Sporidesmium sclerotivorum, and Coniothyrium minitans.  Trichoderma spp. are 

perhaps the most widely used mycoparasites and numerous commercial formulations 

exist ( 30,34,48,57).  Trichoderma spp. have been shown to attack both sclerotia and 

mycelia of Sclerotinia species (11,12,15,26,27,47,54,58) and have been used in the field 



 

 

 

104 

with varying degrees of success (6).  In glasshouse tests, Trichoderma reduced lettuce 

drop by 46-72% compared with untreated control plants (26).  

Coniothyrium minitans and S. sclerotivorum are both effective parasites of sclerotia 

formed by several sclerotia-forming fungi such as Rhizoctonia, Botrytis, and Sclerotinia. 

Both C. minitans and S. sclerotivorum have been used for control of sclerotia-forming 

fungi in onion, bean, pea, rapeseed, carrot, potato and chicory (2,17,42).  However, to 

date only C. minitans has been commercially available (9,46).  On lettuce, these agents 

have been effective in reducing the incidence of lettuce drop by as much as 50% in 

glasshouse crops.  These results demonstrated the successful application of mycoparasitic 

fungi for control of lettuce drop, and suggested that the development of a successful 

biocontrol program for desert lettuce production is attainable.   

The long term objective of this study is to develop biocontrol strategies for 

management of lettuce drop in desert agroecosystems of Arizona and California which 

may be used independently or in conjunction with standard chemical control strategies.  

The specific objectives of this study were to: (i) evaluate the efficacy of commercially 

available biocontrol products in controlling lettuce drop in Arizona and California, and 

the potential effect of these products on lettuce yield; (ii) evaluate the survival of 

commercially-available biocontrol agents in Arizona and California lettuce fields; and 

(iii) evaluate the sensitivity of commercially-available biocontrol agents to standard 

fungicides used in lettuce production. 
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MATERIALS AND METHODS 

Field experiments.  Experiments were conducted at the University of Arizona Yuma 

Agricultural Center, Yuma, AZ, in 2001-2002 and 2002-2003 and at the University of 

California Desert Agricultural Research and Extension Center, Holtville, CA in 2002-

2003 and 2004-2005 to evaluate different biocontrol products against lettuce drop caused 

by Sclerotinia sclerotiorum and S. minor.  At each location, experiments were designed 

as a randomized complete block design with four blocks.  Each pathogen was studied in 

separate experiments to evaluate the efficacy of biocontrol and fungicide treatments 

against lettuce drop caused by each Sclerotinia spp.  Results for S. sclerotiorum are 

reported as experiment A, and results for S. minor are reported as experiment B.  For all 

experiments, inoculum consisted of sclerotia of each fungus produced in the lab 

according to methods described by Matheron and Porchas (38).  For S. sclerotiorum, 

sclerotia, were applied to the top of each bed at a rate of 500 ml of mixture/15 m bed.  

For S. minor, sclerotia were applied at a rate of 7.5 g sclerotia/15 m bed.  Time of 

application of sclerotia on experiment plots was different for the two locations.  In the 

Yuma experiments, the inoculum for both fungi was applied by hand on the surface of 

each planting bed after lettuce thinning at approximately 4 wk post-emergence.  In the 

Holtville experiments, the inoculum was applied by hand on the surface of each planting 

bed immediately before planting and was lightly incorporated into the top centimeter of 

soil during seeding.   

For all trials, the crisphead lettuce cultivar ‘Winterhaven’ was used as the host.  

Lettuce was planted on beds with 102 cm between bed centers with two rows of lettuce 
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spaced 30 cm apart. At the Yuma location, each treatment plot consisted of a single 15 m 

of linear bed and only every other bed received pathogen inoculum and/or biocontrol or 

chemical applications to fully separate the effect of each treatment.  At the Holtville 

location, each treatment plot consisted of four adjacent 7.5 m sections of bed.  Within 

each plot, all beds received pathogen inoculum and/or biocontrol or chemical 

applications, but only the center two beds were evaluated to fully separate the effect of 

each treatment.  Biocontrol agents tested in both Yuma and Holtville experiments 

included Contans (Coniothyrium minitans; Prophyta, Germany), Plantshield 

(Trichoderma harzianum; Biowroks, Inc., Victor, NY, USA) and Companion (Bacillus 

subtilis; Growth Products Ltd., White Plains, NY, USA).  In addition, Supresevit (T. 

harzianum; Binab USA, Inc., Bridgeport, CT, USA) and Soilgard (Gliocladium virens; 

Certis U.S.A., L.L.C., Columbia, MD, USA).were included in Yuma experiments.  

Product preparation and application rates were as per manufacturer’s recommendations 

(Table 1).  Furthermore, at Yuma, each experiment was split into sub experiments with 

one experiment receiving either a single biocontrol application immediately following 

planting (Experiments A1 for S. sclerotiorum and B1 for S. minor) or two applications, 

one following planting and one following thinning and application of pathogen inoculum 

(Experiments A2 for S. sclerotiorum and B2 for S. minor).  At Holtville, all biocontrol 

plots received two applications, one following planting and one following thinning 

(Experiments A2 and B2).  A chemical treatment consisting of a single application of 

Rovral 4F (a.i.=iprodione, Bayer CropScience, Research Triangle Park, NC) applied after 
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thinning (recommended rate 1.11 kg a.i./hectare) was included in each experiment for 

comparison as a chemical standard frequently used in desert lettuce production.   

Furrow and sprinkler irrigation were used in Yuma and Holtville experiments, 

respectively, for the duration of each trial.  All other cultural practices standard for desert 

lettuce production in Arizona and California were applied for each trial including 

preplant applications of the herbicide Kerb (a.i.=pronamide, Dow AgroSciences, 

Indianapolis, IN), preplant and supplemental fertilization, and manual thinning and 

weeding as needed.  At plant maturity and harvest, the numbers of healthy, symptomless, 

lettuce plants per 15 m of bed were recorded and the percentage lettuce drop incidence 

was calculated.  In addition, 10 marketable asymptomatic lettuce heads were collected 

randomly in each 15 m section of bed and weighed to fully assess the total economic 

benefits from each treatment (disease reduction and growth stimulation).  The effect of 

different biocontrol agents on yields were calculated by combining data from disease 

suppression and data from mean head weight at harvest. 

Recovery of biocontrol agents from soil.  A composite soil sample consisting of 10 

randomly collected soil cores (2.4-cm-diameter of the soil core, 7-cm-sampling depth) 

was obtained from each block prior to planting to assess the background population of the 

biocontrol agents in the experimental areas.  Following planting, additional soil sampling 

was conducted 1 mo after the first and second biocontrol treatments were made, 

respectively.  A third sampling was done three months after the second application to 

determine the long term survival of different biocontrol agents in Arizona and California 

soil under lettuce cultivation.  For all soil sampling following planting, a composite 
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consisting of 10 randomly collected soil cores was obtained from each treatment plot.  

Soil samples were brought to the laboratory, air-dried in paper bags at room temperature 

for seven days, and homogenized using a soil processor (Humboldt Mfg.Co., Norridge, 

IL, USA).  For Trichoderma and Gliocladium species, soil dilutions (1/10 and 1/100 in 

0.2% water agar) were plated on Trichoderma selective medium (TSM) and individual 

colonies were enumerated (3).  For C. minitans, soil dilutions (1/10 and 1/100 in 0.2% 

water agar) were plated on a Coniothyrium selective medium (CSM) and individual 

colonies were enumerated after two weeks of incubation (28).  Colony counts for each 

treatment were averaged and compared among treatments.  Recovery and enumeration of 

Bacillus colonies were not performed. 

In vitro fungicide sensitivity test.  Sensitivity experiments were conducted with three 

different fungicides commonly used against lettuce drop: Botran 75 WP (a.i.= dichloran, 

Gowan Co., Yuma, AZ), Ronilan 50WP (a.i.=vinclozolin, BASF Corp., Research 

Triangle Park, NC), and Rovral 4F (a.i.=iprodione, Bayer CropScience, Research 

Triangle Park, NC).  Petri dishes containing potato dextrose agar (PDA; Difco) were 

amended with different fungicides separately at the following rates: 0, 10, 50, 100, and 

1000 ppm a.i. (five replications per fungicide rate).  Mycelial plugs were obtained from 

pure cultures of each biocontrol agent and transferred into the center of dishes containing 

fungicide-amended media and incubated for 10-20 days at room temperature (24 to 26° 

C).  Colony diameters were measured across two axis of each colony and averaged.  

Inhibition of fungal growth based upon colony diameter was used to determine the 

relative level of fungicide activity on each biocontrol agent.  
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Statistical analysis:  Analysis of variance was performed on asymptomatic heads, 

lettuce head weight, and yield per data to determine the efficacy of different biocontrol 

agents in suppressing S. sclerotiorum and S. minor.  A Chi2 test for homogeneity of 

variance for data from each year in each location was carried out to test whether the two 

years data from Yuma and from Holtville experiments could be combined as single data 

sets.  Analysis of variance was also performed on the fungicide sensitivity data and 

Trichoderma recovery data from soil.  For analyses in which tests for normality failed 

(e.g., variance equaled zero), the Kruskal-Wallis one way analysis of variance on ranks 

was performed.  All statistical analyses were conducted using Sigmastat software 

package (Systat Software Inc., San Jose, California, USA) 

RESULTS 

Effect of different biocontrol products on Sclerotinia sclerotiorum and S. minor in 

field.  In Yuma in 2001-2002, the incidence of lettuce drop induced by S. sclerotiorum in 

experiment A1 and A2 was 55% and 56%, respectively.  In experiment A1, neither a 

single application of biocontrol treatments nor the application of Rovral resulted in a 

difference in incidence of lettuce drop incidence relative to the inoculated, unsprayed 

control (Fig. 1).  However, in experiment A2, two applications of Contans resulted in a 

significant increase in the number of asymptomatic heads compared to the infested, 

unsprayed control (x = 72 vs. x = 45, respectively), and was the only product that 

demonstrated efficacy.  The result from the Rovral treatment was intermediate (x = 59 

healthy heads) and was not significantly different from either the infested, unsprayed 



 

 

 

110 

control or Contans.  Most other treatments using biocontrol agents resulted in fewer 

healthy heads than the infested, unsprayed control, but were not significantly different (P 

> 0.05).  In experiments B1 and B2 using S. minor as inoculum, disease incidence in 

control plot was 48% and 62% respectively, and thus disease pressure was similar as in 

experiments A1 and A2.  However, no biological or chemical treatment resulted in a 

significant increase in the number of healthy heads at harvest (Fig. 1). 

Results were similar for experiments conducted in 2002-2003.  Disease incidence in 

experiments A1 and A2 was 63% and 59%, respectively (Fig. 2).  In experiment A1, no 

treatments resulted in statistically significant increases in the number of healthy lettuce 

heads relative to the infested, unsprayed control (Fig. 2).  However, in experiment A2, 

two applications of Contans again resulted in a significant increase in the number of 

asymptomatic heads over the control (x = 60 vs. x = 42, respectively), and was the only 

product that demonstrated efficacy.  The results from the Rovral treatment were 

intermediate (x = 54 asymptomatic heads) and were not significantly different from either 

the control or Contans.  In experiments B1 and B2 using S. minor as inoculum, disease 

incidence in control plots was 30% and 29% respectively.  However, similar to 2001-

2002 trials, neither single nor two applications of any product resulted in statistically 

significant increases in the number of asymptomatic lettuce heads compared with the 

control albeit at the lower disease pressure (Fig. 2).   

Results from experiments in Holtville, CA were similar to the results from Yuma 

experiments.  As there were no significant differences between the two years of data, data 
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were pooled and analyzed as one data set.  In experiment A2 on S. sclerotiorum, the 

incidence of disease was approximately 51%, and similar to that observed in Yuma 

experiments.  Two applications of Contans resulted in a significant increase in the 

number of asymptomatic heads over the control (x = 114 vs. x = 57.5), and the number of 

asymptomatic heads produced in Contans-treated plots was almost equal to that of the 

uninfested, unsprayed control (x = 114 vs. x = 117) (Fig. 3).  The other biocontrol agents 

and Rovral did not result in a greater the number of asymptomatic heads over the 

infested, unsprayed control.  As in Yuma studies, no treatment at Holtville was effective 

against S. minor in either year (Fig. 3). 

In Yuma in 2001-2002, no significant increase in head weight was observed with any 

product either in a single or two applications in all four experiments (Table 2).  In 

experiments A and B, both single and two applications of Contans, Soilgard, and 

Companion resulted in numerically higher head weight compared with uninfested, 

untreated control but the differences were not statistically significant.  In contrast, Rovral 

resulted in numerically lower head weight than the control, and the lowest head weight in 

all experiments but again statistically not significant from other treatments.  In 2002-2003 

again neither single nor two applications of any treatment increased head weight 

significantly (Table 2).  Similarly, in the Holtville experiments, head weight was not 

increased by any product in either experiment (Table 4).  Head weight in both trials with 

Rovral was the lowest of all treatments.   

Even though Contans resulted in the highest numerical yield of all treatments in 

experiment A1, the yield was not significantly different from other treatments during 
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both 2001-2002 and 2002-2003 in Yuma experiments (Table 3).  In experiment A2, two 

applications of Contans resulted in a statistically significant yield increase relative to the 

uninfested, unsprayed control during both years.  None of the other treatments increased 

yield significantly over the inoculated, unsprayed control.  In experiment B1, there were 

no statistically significant differences in yield among the various treatments in 2001-02.  

In 2002-03, no treatment significantly increased the yield over control.  

In experiment A2 at Holtville, Contans resulted in a significant increase in yield over 

the control and this yield was nearly equal to that from the uninfested, unsprayed control 

(Table 4).  Yield increases with Rovral and other biocontrol agents were not significantly 

different from inoculated, unsprayed control.  In experiment B2, there were no 

statistically significant difference in yield among the various treatments (Table 4).  

However, Contans resulted in numerically higher yield followed by Rovral (Table 4). 

Survival of different biocontrol agents in treatment plots.  Results from 2001-02 

experiments A and B conducted at Yuma were very similar (Table 5).  Background 

Trichoderma or Gliocladium was not detected in Yuma soils (data not shown).  On 15 

December, 1 mo after the initial treatment, low to moderate levels of 

Trichoderma/Gliocladium were detected in all corresponding treated soils.  On 15 

January, 1 mo after the second application, Trichoderma/Gliocladium was still detected 

in the corresponding plots, although significant CFUs (colony forming units) were 

recorded only for plots treated with Supresevit.  In Trials A2 and B2, which received a 

second application of biocontrol product, Trichoderma populations in the Supresevit 

plots were 3 to 5 times higher than in treatments that received only one application.  By 
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the final soil sampling on 15 March, 3 mo after the last treatment, Trichoderma was 

detected in high numbers only in plots treated with Supresevit.  In plots that received two 

applications of Supresevit, Trichoderma population levels were 2 to 3.5 times higher than 

those in plots having received only one application.  Results were similar in 2002-03 

(Tables 6).   

Similarly, at Holtville, no background Trichoderma was detected in the soil at the 

beginning of the experiment (data not shown) and only trace amounts were detected in 

treatments that did not receive a Trichoderma-containing product.  On 5 December, one 

month after the initial treatment, low levels of Trichoderma were detected in plots to 

which a Trichoderma-containing product was added in both experiments A and B, but the 

number of CFUs in experiment A was higher than that in experiment B (Table 7).  On 6 

January, one month after the second application, significant numbers of Trichoderma 

CFUs were detected in plots treated with Plantshield in both trials.  Trichoderma 

populations in Plantshield-applied plots on 6 February were 3 times higher in experiment 

A and 16 times higher in experiment B than those in plots that received the product on 

only 5 December.   By 7 March, 3 months after the last treatment and the final soil 

sampling period, a significantly high number of Trichoderma CFUs was still detected in 

plots treated with Plantshield in both trials.  The number of CFUs of Trichoderma in 

experiment B was nearly two times higher than that in experiment A (Table 7).  

Coniothyrium minitans populations were not determined in 2001-02 experiments.  

Soil densities of C. minitans were determined in 2002-03 experiment at both Yuma and 

Holtville.  At the onset of each trial, no background C. minitans was detected at either 
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location.  In subsequent sampling, only three soil samples collected at harvest from 

experiment B2 in Yuma, which received two applications, and two samples collected 

from experiment A2 in Holtville were positive for the presence of C. minitans at average 

soil population densities of 12.5 cfu/g and 2.5 cfu/g of soil, respectively.  

In vitro evaluation of fungicide sensitivity.  Trichoderma isolates in Plantshield and 

Supresevit were very tolerant to the three fungicides, Rovral, Botran, and Ronilan, at 

1000 ppm a.i. (Fig 4).  Gliocladium from Soilgard was very tolerant to Rovral and Botran 

at 1000 ppm a.i. and tolerant to Ronilan up to 100 ppm a.i. (Fig 4).  Coniothyrium 

minitans was very sensitive to all three fungicides above 1 ppm a.i.  Both S. sclerotiorum 

and S. minor were also quite sensitive to the two fungicides Ronilan and Rovral in 

concentrations over 1 ppm a.i., and S. sclerotiorum was sensitive to Botran in 

concentrations over 10 ppm a.i.  Similar results were obtained in repeated experiments 

(data not shown).   

DISCUSSION 

This study demonstrated that Coniothyrium minitans outperformed all other 

products tested, including the fungicide, iprodione, in suppressing lettuce drop caused by 

S. sclerotiorum.  At both locations, C. minitans effectively suppressed S. sclerotiorum 

and increased lettuce head weight, and consequently yield, when it was applied twice 

during the crop cycle: one at planting and one at thinning.  Although, the results from the 

two locations with regard to the performance of C. minitans against S. sclerotiorum were 

consistent, the locations differed with respect to the level of disease incidence and the 

level of disease suppression.  In the Yuma experiments, the level of control achieved with 
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Contans was modest.  In contrast, control of lettuce drop caused by S. sclerotiorum was 

near-complete despite higher disease incidence in the Holtville experiments.  The reasons 

for differences between the Yuma and  Holtville experiments may be related to two 

notable differences in the experimental methods.  At Holtville, pathogen inoculum was 

applied at the beginning of the season as opposed to at thinning in the Yuma experiment.  

While this facilitated a greater interaction between the susceptible lettuce plants and S. 

sclerotiorum leading to higher lettuce drop incidence, it also facilitated a greater 

interaction between the biocontol agent, C. minitans, and the pathogen, S. sclerotiorum, 

contributing to effective parasitism of sclerotia and the corresponding disease 

suppression.  Another experimental difference between the two locations is the method of 

irrigation.  At Holtville, the lettuce crops were irrigated using overhead sprinklers in 

contrast to the furrow irrigation employed at Yuma.  Previous studies have revealed that 

C. minitans is effectively splash-dispersed by sprinklers in greenhouse studies (5).  It is 

quite likely that the sprinkler irrigation employed in the Holtville experiment increased 

the dispersal of C. minitans following initial applications, resulting in near complete 

parasitism of S. sclerotiorum sclerotia.  This is consistent with previous studies on the 

control of S. sclerotiorum using C. minitans in lettuce (8,9,11,29,38) and on the  

biocontrol of Sclerotinia diseases of bean (6,19,31,33).  Additionally, the survival of C. 

minitans may have been enhanced under sprinkle irrigation due to the maintenance of 

more even soil moisture over the course of the growing season compared to greater 

fluctuation in periods of wetting and drying that occur under furrow irrigation.  However, 

further studies would be needed to support these hypotheses. 
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In contrast to the successful suppression of infection by S. sclerotiorum, C. minitans 

did not suppress lettuce drop caused by S. minor.  Nearly all previous studies (1,46) also 

reported lack of efficacy of C. minitans against S. minor.  However, Ridgway et al. 

(2001) reported that C. minitans successfully controlled lettuce drop caused by S. minor 

and increased lettuce yield significantly.  On Sclerotinia blight of peanut, C. minitans did 

not provide significant disease suppression during the first year of soil application, but 

subsequent application over consecutive years significantly reduced disease incidence 

(46).  Although Sclerotinia sclerotiorum and S. minor are closely related fungi, the 

differential efficacy in field experiments presented in this work was puzzling and requires 

further scrutiny. 

Previous studies on the differential efficacy of C. minitans against the two Sclerotinia 

species have attributed it to differences in the quality and quantity of diffusible sclerotial 

exudates between the two species.  Grendene and Marciano (20) found that C. minitans 

grew more rapidly towards autoclaved sclerotia of S. sclerotiorum than towards live 

sclerotia because of increased amounts of nutrients released to the media.  Since sclerotia 

of S. minor are smaller than those of S. sclerotiorum, the amount of exudates diffused by 

S. minor sclerotia may not be sufficient to stimulate C. minitans growth towards the 

sclerotial target.  Although earlier studies showed that sclerotial exudates from both 

Sclerotinia spp. stimulated C. minitans mycelial growth (20,51), there is no information 

about the specific components of the exudates that act as the primary stimuli or if these 

components are differentially present.  This information may be helpful toward 

enhancement of parasitism of C. minitans against S. minor. 
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Trichoderma-based biocontrol products were not effective in suppressing S. 

sclerotiorum at both locations. This is consistent with the findings of Gerlagh et al. (18) 

on S. sclerotiorum in beans.  Interestingly, the number of healthy heads in plots treated 

with Trichoderma, Gliocladium, and Bacillus-based biocontrol products were in general 

lower than those in control.  The possibility that these products stimulated infection of 

lettuce by S. sclerotiorum cannot be discounted.  Budge and Whipps (7) showed that 

Trichoderma spp. stimulated the production of sclerotia by S. sclerotiorum and the 

number of apothecia produced by sclerotia compared with non-treated controls on celery 

and lettuce.   

Post-application recovery of C. minitans from soil was low in both locations.  The 

reasons for poor recovery despite high infestation levels are unclear but perhaps include a 

non-optimal method of recovery for such a specialized fungus.  It has been shown that C. 

minitans is a poor competitor for resources in the general soil environment and is 

particularly well adapted to colonize sclerotia of S. sclerotiorum for survival.  It survives 

well as conidia within sclerotia of S. sclerotiorum and as conidial droplets on the surface 

of the sclerotial rind (4).  Thus, the specific collection of sclerotia from the field and 

subsequent culturing directly from sclerotia would be more appropriate method for 

recovery of C. minitans than simply the collection of soil from the field and plating on 

semi-selective media.  Nonetheless, despite the low recovery it was the best product for 

suppressing S. sclerotiorum.  This suggests that low populations of highly effective 

organisms are perhaps sufficient for significant disease suppression in some pathosystems 

(19). 
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The effects of Trichoderma products on S. minor were similar at both locations 

although most applications of Trichoderma, Gliocladium, and Bacillus-based products in 

the Yuma experiments generally resulted in numerically greater or equal number of 

healthy heads in trials with S. minor than at Holtville.  Members of the genus 

Trichoderma are distributed worldwide and are frequently recovered from soil and 

samples of vegetation (49).  Our study showed that Trichoderma is not a common 

component in non-augmented agricultural soils in the lower Colorado Desert.  However, 

the Trichoderma isolates used in Supresevit and Plantshield colonized the desert soils 

quite well in most experiments conducted over several years.  Despite the ample 

colonization of treated soils by Trichoderma isolates, the products were not effective in 

reducing losses to lettuce drop.  These seemingly contradictory results suggest that the 

ability to colonize soil to high levels is not a critical factor in assessing the potential of a 

biocontrol organism at reducing disease.   

Commercially, Rovral has been extensively used to control lettuce drop in both 

California and Arizona and most studies revealed that it significantly improved lettuce 

drop control (37, 53).  However, field losses due to lettuce drop continue to be significant 

despite common fungicide use (53).  Reasons for suboptimal performance by Rovral may 

be a rapid degradation of the fungicide by soilborne microbes in soils with repeated use 

of the fungicide (39).  Moreover, this degradation is exacerbated by high soil pH >6.5 

(58), which is a common condition in desert production areas.  Rovral served as standard 

fungicide in all experiments but did not provide any significant control over lettuce drop, 

especially that caused by S. minor.  Newly available fungicides such as boscolid, 
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fenhexamide, fluazinam, and fludioxonul (39) are all labeled to manage lettuce drop 

caused by both Sclerotinia spp. and could function as alternatives to Rovral in areas 

where Rovral efficacy has declined. Additional studies are underway to test the efficacy 

of these fungicides singly or in combination with Rovral, biocontrol agents, and other 

cultural practices to successfully manage lettuce drop (39).  

Trichoderma and Gliocladium isolates in Plantshield, Supresevit, and Soilgard were 

very tolerant to all the fungicides tested even at higher concentrations in all trials.  In 

contrast, C. minitans was sensitive to all the three fungicides tested even at very low 

concentrations (1 ppm a.i.).  Li et al (32) previously determined that C. minitans was very 

sensitive to benomyl and vinclozolin in vitro and Budge and Whipps (9) measured its 

sensitivity to iprodione.  However, in the soil tray assay, C. minitans survived well in the 

soil despite weekly applications of  iprodione at twice their recommended concentrations 

and disease suppression was enhanced by a single application of iprodione.  These results 

suggest that the fungicide sensitivity of C. minitans in vitro does not necessarily impact 

the efficacy of C. minitans to control lettuce drop in the field.  Both S. sclerotiorum and 

S. minor were highly sensitive to all three fungicides, which supports their continued use 

in desert lettuce production.  

In summary, results from this study clearly demonstrate that the commercial 

formulation Contans containing C. minitans was effective for the control of lettuce drop 

caused by S. sclerotiorum in desert lettuce production systems.  No product was 

consistently effective against S. minor, including the fungicide Rovral.  This difference in 

control efficacy highlights the differences between S. sclerotiorum and S. minor despite 
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similarities in fungal biology and suggests that the eventual development of successful 

management for lettuce drop may require different strategies for each Sclerotinia spp. 
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Table 1. Application rate for biocontrol products and fungicide used in lettuce drop trials 

in Yuma, AZ, and Holtville, CA 

Timing of 
treatment 

Treatmenty  AZ application 
ratesz 

CA application ratesz 

    

At planting Plantshield 8.2 kg/ha 16.4 kg/ha 

 Soilgard 37.4 kg/ha  

 Supresevit 4.7 kg/ha  

 Companion 4.7 l/ha 9.4 l/ha 

 Contans 2.2 kg/ha 4.4 kg/ha 

    

At thinning Plantshield 16.4 kg/ha 16.4 kg/ha 

 Soilgard 74.7 kg/ha  

 Supresevit 9.4 kg/ha  

 Companion 9.4 l/ha 9.4 l/ha 

 Contans 4.4 kg/ha 4.4 kg/ha 

 Rovral 4F 1.1 kg a.i/ha 1.1 kg a.i/ha 

y Soilgard and Supresevit were used only in the Yuma trials. 

zPlots consisted of 15 m and 30 m of bed in Arizona and California, respectively, and 

only the top of each bed was treated.  All treatments were applied in a spray volume of 

1.9 L/30m bed except for Soilgard, which was applied as a dry granule.  Rates are per 

treated hectare. 
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Table2. Effect of application of different biocontrol products and Rovral on lettuce head 

weight in plots infested either with Sclerotinia sclerotiorum or S. minor in Yuma trials. 

Treatments 

Head weight (kg)w 

2001-02  2002-03 

S. sclerotiorum S. minor  S. sclerotiorum S. minor 

A1x A2y B1x B2y  A1x A2y B1x B2y 

Uninfested control 24.98 a 25.23 a 20.25 a 18.25 a  23.20 a 24.10a 22.70a 24.20 a 

Infested control 25.95 a 24.20 a 19.35 a 19.30 a  21.90 a 22.90a 22.13a 23.80 a 

Rovral z  23.95 a 24.05 a 17.03 a 17.28 a  21.50 a 22.40a 21.98a 23.60 a 

Contans 26.43 a 25.45 a 21.35 a 21.18 a  23.00 a 22.70a 23.38a 24.00 a 

Plantshield 25.68 a 24.65 a 18.40 a 20.15 a  22.23 a 23.30a 23.60a 24.40 a 

Soilgard 27.50 a 26.30 a 21.03 a 21.55 a  22.80 a 22.90a 23.93a 23.30 a 

Companion 26.20 a 24.93 a 20.40 a 21.73 a  22.58 a 23.70a 23.70a 24.30 a 

Supresevit 25.33 a 24.38 a 18.53 a 18.90 a  23.45 a 22.20a 23.53a 23.70 a 

w Total weight of 10 marketable heads collected  randomly from each treatment plot at 

harvest. Columns with different letters are significantly different according to the Holm-

Sidak test (P<0.05).x Treatments consisted of single spray of different biocontrol products 

at the time of planting. y Treatment consisted of  two sprays, one at planting and one at 

immediately after thinning.  z Fungicide Rovral applied only once immediately after 

thinning in all experiments. 
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Table3. Effect of application of different biocontrol products and Rovral on lettuce yield 

in plots infested either with Sclerotinia sclerotiorum or S. minor in Yuma trials 

Treatments 

Yield (kg)w 

2001-02  2002-03 

S. sclerotiorum S. minor  S. sclerotiorum S. minor 

A1x A2y B1x B2y  A1x A2y B1x B2y 

Unifested control 282.9 a 268.9 a 221.1 a 210.9 a  247.3 a 249.0 a 233.7a 254.1a 

Infested control 133.6 b 108.9 cd 101.5 b 80.4 b  86.7 b 96.7 c 158.1b 177.4b 

Rovralz 129.6 b 144.9 bc 106.5 b 125.9 b  93.4 b 114.7 bc 153.1b 179.6b 

Contans 138.4 b 171.4 b 115.5 b 90.9 b  101.5 b 135.2 b 163.4b 186.6b 

Plantshield 102.6 b 109.4 cd 104.7 b 108.6 b  80.1 b 112.5 bc 151.5b 171.3b 

Soilgard 109.6 b 106.2 cd 124.8 b 116.0 b  96.1 b 108.8 bc 176.1b 171.1b 

Companion 96.0 b 81.4d 112.9 b 128.2 b  74.9 b 106.5 bc 155.1b 172.8b 

Supresevit 110.4 b 86.5 cd 99.6 b 118.6 b  88.8  92.3 c 165.4b 182 b 

w Yields were calculated by combining data from disease suppression and data from 

mean head weight at harvest.  Columns with different letters are significantly different 

according to the Holm-Sidak test (P<0.05).x Treatments consisted of single sprays of 

different biocontrol products at the time of planting. y Treatment consisted of  two sprays, 

one at planting and one at immediately after thinning.zFungicide Rovral applied only 

once immediately after thinning in all experiments. 
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Table 4. Effect of application of different biocontrol products and Rovral on lettuce head 

weight and yield in plots infested either with Sclerotinia sclerotiorum (Trial A2) or S. 

minor (Trial B2) in two year experiments in Holtville, CA 

Treatmentsw 

Holtville 

Head weight (kg) x  Yield (kg) y 

Trial A2 Trial B2  Trial A2 Trial B2 

Uninfested 
control 

Infested control 

Rovralz 

Contans 

Plantshield 

Companion 

17.53 a 20.29 a  206.87 a 220.55 a 

17.49 a 24.89 a  88.79 b  73.70 b  

16.69 a 21.61 a  111.90 b  80.03 b  

16.81 a 22.23 a  192.51 a 93.47 b  

16.71 a 23.9 a  96.34 b  64.92 b  

17.41 a 24.56 a  93.27 b  54.25 b  

wTreatments consisted of two sprays, one at planting and one at immediately after 

thinning. x Sums of weight of 10 marketable heads collected  randomly from the three 

replicated treatment plots at harvest. yYields were calculated by combining data from 

disease suppression and data from mean head weight at harvest.  Columns with different 

letters are significantly different according to the Holm-Sidak test (P<0.05). zFungicide 

Rovral applied only once immediately after thinning in all experiments. 
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Table 5. Recovery of Trichoderma and Gliocladium spp. in treatment plots before and 

after biocontrol agent application in Sclerotinia spp. experiments in Yuma 2001-2002 

                                                                       Recovery of biocontrol agents ( cfu/g of soil) 

 

 

Treatments 

                                                             Time of samplingy 

                         S. sclerotiorum                                 S. minor 

              A1z             A2              B1                B2 

1 2 3  1 2 3  1 2 3  1 2 3 

Plantshield 44a 9a 18a  44a 47b 9a  91a 13a 19a  91a 94a 28a 

Supersivit 169a 156a 121b  169a 472c 250b  41a 71b 175a  41a 347b 600b 

Soilgard 9a 22a 5a  9a 6a 41ab  9a 12a 0  9a 16a 9a 

Companion 0 6 1  0 0 9  0 3 0  0 0 0 

Contans 0 0 0  0 0 0  0 0 0  0 0 0 

Rovral 0 0 0  0 0 3  0 0 0  0 0 0 

Infested 
Control 

0 0 0  0 0 0  0 0 0  0 0 0 

y1- soil sampling done one month after first treatment, 2- one month after the second 

treatment, 3- three months after the second treatment.  No Trichoderma/Gliocladium spp. 

were recovered from plot soil prior to the start of the trial. zA1 & B1- plots received only 

one application, A2 & B2-plots received two applications one at planting and one at after 

thinning.  Columns with different letters are significantly different according to Tukey’s 

test (P<0.05). 
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Table 6. Recovery of Trichoderma and Gliocladium spp. in treatment plots before and 

after biocontrol agent application in Sclerotinia spp. experiments in Yuma in 2002-2003 

                                                                       Recovery of biocontrol agents ( cfu/g of soil) 

Treatments                                                              Time of samplingy 

                         S. sclerotiorum                                 S. minor 

              A1z             A2              B1                B2 

1 2 3  1 2 3  1 2 3  1 2 3 

Plantshield 85ab 98ab 204a  85ab 198ab 218a  39a 26a 254a  39a 176a 284b 

Supersevit 468b 134b 88a  468b 251b 280a  222b 80b 255a  222b 209a 314b 

Soilgard 1a 4a 1a  1a 9a 5b  3a 5a 5b  3a 8a 0a 

Companion 0 0 0  0 1 0  4 3 0  4 3 0 

Contans 0 0 0  0 0 0  0 0 0  0 0 0 

Rovral 0 0 0  0 0 0  0 0 0  0 0 0 

Infested control 0 0 0  0 3 0  1 0 0  1 0 3 

y1- soil sampling done one month after first treatment, 2- one month after the second 

treatment, 3- three months after the second treatment.  No Trichoderma/Gliocladium spp. 

were recovered from plot soil prior to the start of the trial.  zA1 & B1- plots received only 

one application, A2 & B2-plots received two applications one at planting and one at after 

thinning.  Columns with different letters are significantly different according to Tukey’s 

test (P<0.05). 
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Table 7. Recovery of Trichoderma sp. in treatment plots before and after biocontrol agent 

application experiments in Holtville in 2002-2003. 

 

 

Treatments 

                     Recovery of biocontrol agents ( cfu/g of soil) 

                                 Time  of Sampling z 

Trial A   Trial B 

1 2 3  1 2 3 

Plantshield 100a 312ab 477a  25a 401ab 842b 

Companion 0 0 14  0 0 0 

Contans 0 0 0  0 0 0 

Rovral 0 0 0  0 0 0 

Infested 
control 

0 0 0  0 0 0 

____________________________________________________________________________________________________________ 

z1- soil sampling done one month after first treatment, 2- one month after the second 

treatment, 3- three months after the second treatment.  No Trichoderma spp. were 

recovered from plot soil prior to the start of the trial.  Columns with different letters are 

significantly different according to Tukey’s test (P<0.05). 
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Fig. 1. Effect of different biocontrol products and Rovral sprays on number of healthy 

lettuce heads at harvest in plots artificially infested either with Sclerotinia sclerotiorum or 

S. minor in 2001-2002 experiment in Yuma. Columns with different letters are 

significantly different according to Tukey’s test (P<0.05). 
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Fig. 2. Effect of different biocontrol products and Rovral sprays on number of healthy 

lettuce heads at harvest in plots artificially infested either with Sclerotinia sclerotiorum or 

S. minor in 2002-2003 experiment in Yuma. Columns with different letters are 

significantly different according to Tukey’s test (P<0.05). 
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Fig. 3. Effect of different biocontrol products and Rovral sprays on number of healthy 

lettuce heads at harvest in plots artificially infested either with Sclerotinia sclerotiorum or 

S. minor in Holtville. Columns with different letters are significantly different according 

to Tukey’s test (P<0.05). 
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Fig. 4. Influence of different concentration of Ronilan, Rovral, and Botran in PDA-

amended media on mycelial growth of different biocontrol fungi and Sclerotinia spp in 

vitro in 2001-03 experiment. Each value is the mean of three replicates. Columns with 

different letters are significantly different according to Tukey’s test (P<0.05).  SG- 

Gliocladium virens (Soilgard™), ST- Trichoderma harzianum (Supresivit™), CM- 

Coniothyrium minitans (Contans™), SS- Sclerotinia sclerotiorum, SM- S. minor. 
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ABSTRACT 

Chitrampalam, P., and Pryor, B. M.  2008. Population and spatial pattern of sclerotia of 

Sclerotinia sclerotiorum in commercial lettuce fields of Arizona and California.  Plant 

Disease 93:000-00 

Soil population and spatial patterns of sclerotia produced by Sclerotinia sclerotiorum 

were determined in five fields in Yuma County, AZ, and in one field in Imperial County, 

CA, with histories of lettuce drop.  Each field was divided into eight quadrants and in 

each quadrant a plot (10 X 20 m) was randomly selected for soil sampling.  In each plot, 

24 soil cores were collected along both diagonals at 2 m intervals and sclerotia 

populations were determined by wet sieving for recovery of soilborne sclerotia.  Sclerotia 

viability was determined for sclerotia recovered in three of the fields and percent viability 
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was calculated.  The average soil sclerotia population in lettuce production fields ranged 

from 0.08 to 2.9 sclerotia/100g soil.  For individual soil samples, field C and field E had 

the highest (63%) and the lowest (7%) percent of soil samples with sclerotia count of ≥1 

sclerotia/100 g soil, respectively.  Among the six fields, fields A to C had a greater 

percent of samples with sclerotia count ≥1 sclerotia/100 g soil than fields D to F.  Three 

indices of dispersions (variance to mean ratio, Morisita’s index of dispersion, and Lloyd’s 

index of patchiness) calculated for fields A to C sclerotia data and at least two of three 

indices of dispersions calculated for field D to F sclerotia data indicated that sclerotia 

distribution was aggregated in lettuce fields.  The sclerotia distributions in each of the six 

fields were not adequately described by Poison, negative binomial, and Neyman type A 

distributions.  Based upon sampling precision analysis, the number of sampling units 

required to estimate the true population mean for field A, B and C with 20% error were 

178, 152 and 55 for fields A, B, and C, respectively, which were below the total number 

of sampling units used in this study.  However, the number of sampling units required to 

estimated true population mean for lettuce fields D, E and F were higher than that the 

number of sampling units used in this study.     

 

________________________________________________________________________ 

INTRODUCTION 

Lettuce drop is one of the most destructive diseases of lettuce (Lactuca sativa L.) 

and has been reported in all lettuce growing regions of the world (5,2).  In the US, the 
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disease commonly occurs in the two primary lettuce producing states of Arizona and 

California.  Yield losses vary from 1% to nearly 75 % depending on conditions, but under 

ideal disease conditions an entire field may be lost (13,17).  The disease is caused by two 

closely related soil-borne fungi, Sclerotinia sclerotiorum (Lib.) de Bary and S. minor 

Jagger.  Although both fungi are present in the lettuce growing areas of Arizona and 

California, their prevalence in the different production regions varies.  In the cooler 

region of coastal California, S. minor is the predominant species whereas in desert 

production areas of Yuma Co, AZ, and Imperial Co, CA, S. sclerotiorum is the 

predominant species (18).  

Both fungi produce hard, durable structure known as sclerotia which function as 

survival structures and also as disease inoculum for subsequent lettuce crops.  Sclerotia of 

S. minor mainly infect the host directly by producing mycelium.  Sclerotinia sclerotiorum 

can infect the host either directly by producing mycelium or indirectly by producing 

apothecia and ascospores (18,1).  However in desert production areas of Arizona and 

California, the conditions required for the production of ascospores is infrequently 

encountered and the disease is primarily driven by soil sclerotium populations (18).  

Sclerotia of S. sclerotiorum have been shown to survive up to 7 years at depths of up to 

30 cm, although their survival is strongly affected by location of sclerotia with in the soil 

profile, duration of burial, and soil temperature and soil moisture (18).  Sclerotia at 

depths greater than 10 cm have reduced viability and are generally not capable of causing 

disease due to unfavorable O2 and CO2 levels, low soil temperature, high soil moisture, 

and colonization of sclerotia by antagonistic microorganisms (4,7,17).  In contrast, 
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sclerotia within 8 cm of the soil surface and 2 cm of the lettuce taproot have high rates of 

successful infection (18).  

There currently are inadequate levels of host resistance in commercially 

acceptable cultivars to provide acceptable level of disease protection.  Thus, current 

management strategies for lettuce drop in lettuce production rely primarily on fungicide 

applications (iprodione, vinclozoline, and boscolid).  However, the level of disease 

management achieved with this strategy is typically less than 70% (10) which falls short 

of what growers seek to attain.  A greater reduction in disease may be achieved with an 

integrated disease management approach, which includes an increased focus on reducing 

the population of sclerotia in the soil. 

To effectively measure the impact of management strategies on soil inoculum 

levels, data on the population and distribution of sclerotia in soils needs to first be 

established.  This information on sclerotial populations and distribution in soils is lacking 

for desert lettuce production areas of the southwestern US.  However, such knowledge 

would be valuable and could be applied in the development of appropriate sampling 

strategies to assess populations and more accurately predict the incidence of disease in 

infested fields (12).  

Sampling for soilborne pathogens usually involves collecting soil samples at 

intervals along one of several pre-determined path through a field such as an X, W, or 

diagonal pattern (8,12).  Alternatively, sampling sites can be selected probabilistically by 

using simple random sampling, stratified random sampling, cluster sampling, or other 

survey sampling techniques (11).  When the disease is clustered, sampling methods 
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become more important than sampling size.  In previous studies, sampling along X-

shaped path covering a smaller demarcated area in the field provided useful information 

about the area for both random and aggregated pathogen population in computer 

simulated fields (8).  Results also suggested that samples should be taken from entire 

fields where disease incidence is clustered.  Studies on the sclerotial distribution patterns 

for several soilborne fungi including Sclerotinia minor, Macrophomina phseolina, and 

Verticillium dahliae  revealed aggregated distributions of soilborne fungal propagules, 

and a similar distribution pattern for S. sclerotiorum is predicted (11,2,15).   

  The objective of this study was to assess soil populations of sclerotia of S. sclerotiorum 

and their distribution pattern in desert lettuce production fields of Arizona and California.  

These data were used to suggest optimal sampling strategies to more accurately assess 

disease risk and better aid in disease management.  

MATERIALS AND METHODS 

Field Sampling 

Six lettuce fields of approximately 20 acres each with known histories of lettuce 

drop were selected for sampling.  Fields from A to E were located in Yuma Co, AZ and 

field F was located in Imperial Co, CA.   All fields had been recently harvested and disc 

harrowed to incorporate crop residue. The sampling strategy suggested by Lin et al (8) 

for aggregated distributions was used with little modification in this study.  Each field 

was divided into eight quadrants and a plot (10 X 20 m) was randomly selected in each 

quadrant for sampling.  In each plot, 24 soil cores were collected across both diagonals at 

2 m intervals by inserting a 2.65 cm-diameter soil augur to a depth of 7 cm.  Each soil 
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sample was placed in individual paper bags and returned to the laboratory.  Thus, a total 

of 192 samples were collected from each field. 

Sclerotium population density 

Soil samples were air dried in paper bags at 25 ºC for approximately for one week 

and stored until analysis.  Immediately prior to analysis, each sample was homogenized 

and mixed thoroughly.  From each sample, 100 g of soil was wet sieved through a US 

Std. series # 18 (The W. S. Tyler Company, Ohio, USA) and the recovered sclerotia were 

enumerated by examination under a stereo microscope at 60X (18).  For each plot, 

descriptive statistics such as mean, variance, and range for sclerotia/100g soil were 

calculated. The sampling data from all plots of each field were then combined and 

analyzed field-wise both by individual soil cores values (192 soil cores) and by plot 

means (8 plots mean).  Analysis of variance was performed on mean sclerotia of different 

fields to check for significance differences in the mean population among lettuce fields 

(Systat Software Inc., San Jose, California, USA). 

Spatial pattern of sclerotia of Sclerotinia sclerotiorum in soil 

 Three indices of dispersion; the variance to mean ratio, Morisita’s index of 

dispersion, and Lloyd’s index of patchiness (11), were calculated for each plot by sample 

and each field by plot to test for deviation from unity.  Morisita’s index of dispersion was 

calculated by using the following formula: Id = n ((Σ(x2) - Σx)/ ((Σx) 2- Σx)), where n is 

number of sampling units and x is the number of sclerotia per sampling unit (11).  

Lloyd’s index of patchiness was calculated using the following formula: LIP = 

X*/ X where X* is the mean crowding and X  is the mean population (14).  Mean 
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crowding (X*) was calculated by X* = X  ((S2/ X )-1) where X   is the mean and S2 is 

the variance (14). Values that are significantly greater than 1 (one) indicate aggregated 

spatial pattern (16) 

The spatial pattern within plots and the effect of varying the size of the sampling unit 

on the detection of underlying spatial patterns were analyzed using Hill’s two-term local 

quadrat variance method (TTLQV) (9).  Data gathered from a series of contiguous sites 

in each diagonal across plots were grouped into different blocks by adding together 

adjacent sampling site data, and variance for these blocks were calculated as follows: 

Var1(X)= (1/n-1) (((x1-x2)
2/2) +(x2- x3)

 2/2) +……. + (xn-1-xn) 2/2)), and Var2(X) = (1/n-

3) (((x1+ x2- x3- x4)
 2/4) +(x2+ x3- x4- x5)

 2/4) +……., where Var1(X) = variance of counts 

at block size 1, Var2(X) =variance of counts at block size 2, n = number of quadrats 

(sampling units), x1= number of organisms counted in sampling unit 1, and so on.  The 

precision of sampling size used in this study to estimate the sclerotial population was 

determined by using the following formula (16), n = (s/Ex) 2, where n is the number of 

samples required, s = standard deviation, x = mean, and E is the predetermined standard 

error (20% of the mean which is an acceptable error in most studies of this kind) (3). 

   The Poisson, Neyman type A, and negative binomial discrete frequency 

distributions were fit to the data set from each field by using the PADIS statistical 

program (http://www.isis.vt.edu/~jlopezco/).  This program assesses the degree to which 

the data set was described by the particular theoretical distribution by using a chi-square 

goodness of fit technique.  An agreement with Poisson would indicate a random spatial 
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pattern and an agreement with the negative binomial or Neyman type A distribution 

would indicate an aggregate distribution (11). 

Sclerotia viability 

Viability of sclerotia collected from the lettuce fields was determined in 3 of the 

fields.  Sclerotia were surface sterilized in 10% household bleach for 1 minute and 

washed twice with sterilized water.  Each sclerotium was individually placed on a 2% 

water agar plug (1cm dia) in a Petri plate and incubated at 20C for a week.  The percent 

sclerotia germination was calculated for each field. 

RESULTS 

Sclerotia population density 

 The number of sclerotia of S. sclerotiorum per 100 g of soil in lettuce production 

fields ranged from 0 to 42.  More than 80 % of the samples from field D, E and F did not 

contain any sclerotia (Table 1).  Field C (36 %) and field E (93 %) contained the 

minimum and maximum number samples with no sclerotia, respectively.  Field C 

contained the greatest percentage of samples (20 %) that had more than 5 sclerotia per 

100 g of soil.  The mean number of sclerotia per 100 g of soil for individual fields ranged 

from 0.08 to 2.9.  Fields B and C had the highest mean number of sclerotia (2.9 and 2.9 

sclerltia/100 g of soil, respectively) and field E had lowest mean number of sclerotia 

(0.08 sclerotia/100g soil).  The mean number of sclerotia in fields B and C were 

significantly greater (P≤0.05) from than that of other fields (Table 1).  
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Spatial pattern in soil  

 In fields B and C, all three calculated indices of dispersion indicated that sclerotia 

were clumped in all plots (Table 1). In field A, a clumped distribution was indicated in 5 

plots by all three indices, 1 plot by 2 indices and 1 plot by 1 index.  One plot in field A 

did not reveal a clumped distribution by any index.  When the indices of dispersal were 

calculated across the entire field using data from individual soil cores (n=192), all indices 

indicated clumped distributions.  However, when the indices were calculated using mean 

data from each plot (n=8), no indices indicated a clumped distributions revealing a 

uniformity in plot sclerotial population across each field (Table 1).  In field D, E, and F, 

at least one of the 3 indices of dispersal indicated a clumped distribution in 3, 1, and 5 

plots, respectively.  When the indices were calculated across the entire fields using 

individual soil core data (n=192), most indices indicated a clumped distribution for all 3 

fields.  However, when the indices were calculated using mean data from each plot, no 

indices indicated clumped distributions in plot D and F revealing uniformity in plot 

sclerotial population across each field.  However, in field E, only the Morisita’s index 

revealed a clumped distribution.  

 The analysis of spatial pattern within plots by two term local quadrat (TTLQ) 

method revealed that sclerotial distribution was aggregated along 46% of the diagonals 

from all fields combined (Table 2 and Fig.2).  Aggregate sizes calculated from the TTLQ 

analysis ranged from 2 to 12 meters in diameter (Table 3).  The number of sampling units 

(soil cores) required to estimate the field sclerotia populations with a tolerable sampling 

error of 20 % of the mean was 178, 152, and 55 for the field A, B, and C, respectively 
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which is below the number of sampling units (n=192) used in this study (Table 3).  

However, the number of sampling units required to estimate the field sclerotia 

populations within tolerable sampling error were 334, 499, and 214 for the fields D, E 

and F, respectively which were higher than the number of sampling units used in this 

study (Table 3).  When estimations of field populations were based upon plot means, the 

number of plots required to estimate field populations was higher in lettuce field A (n=15 

) and B (n=10) and lower in field C (n=3) than the number used in this study (n=8) (Table 

3).  However, the number of plots required to estimate the field sclerotia population in 

field D, E, and F was higher than the number of plots used in this study (Table. 3).   

 The test for goodness of fit of observed sclerotial distributions to statistical model 

indicated that the sclerotial distributions were not adequately described by Poisson, 

negative binomial, or Neyman Type A distributions (Table 4).  However, analysis by 

plots within fields indicated that the sclerotial distributions for all plots in field A, B, and 

C and except plot 7 in field B, fit at least one of the theoretical distribution models (Table 

5).  Two plots from field A best fit to the Poisson distribution model.  The other plots in 

field A, B, and C best fit to either negative binomial, Neyman type A or both distribution 

models.  In field D and F only 3 and 5 plots, respectively, had sufficient sclerotium 

frequency to run goodness of fit tests to fit theoretical distribution models.  However, 

only two plots from field D and 4 plots from field F fit to at least one of the theoretical 

distribution model (Table 5).  None of the plots in field E had enough sclerotium 

frequency to run any of the three (Table 5).  
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Sclerotia viability 

 All sclerotia recovered from soil samples of field D, E and F, which totaled 57, 

17, and 74, respectively, where tested for viability.  All sclerotia (100%) from all fields 

regenerated Sclerotinia colonies after 7 days of incubation and, thus, were determined to 

be viable. 

DISCUSSION 

The objective of this study was to determine the sclerotial population and 

determine the spatial pattern of Sclerotinia sclerotiorum in lettuce production fields in the 

deserts of Arizona and California and use this data to develop soil sampling strategies for 

accurate assessment of sclerotia population.  The mean sclerotia population of S. 

sclerotiorum in lettuce fields A, B and C was more than 10 times higher than that in field 

D, E and F.  As, the percent disease incidence in these six lettuce fields were not 

accurately determined, the reason for the increased level of sclerotia population in first 

three fields are not exactly known.  However, the approximate disease incidences of these 

six fields prior to the period of soil sampling were estimated by the Extension Specialist 

who helped select the fields, and his estimations concluded that the disease incidence in 

field from A to C was more than 50%, whereas the incidences in fields D-F ranged from 

20 to 30%.  Thus, the differences in the level of disease incidence in the prior cropping 

season likely were the primary contributor to the differences in the level of sclerotia 

population observed between fields.  Previous work by Hao and Subbarao (6) provided 

estimates of the sclerotia population of S. sclerotioum in a lettuce field in central 

California while also examining the spatial pattern of lettuce drop.  In that work, the 
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sclerotial population averaged 0.06 sclerotia /100 cm3 of soil with a disease incidence of 

14%.  In contrast, much higher sclerotial populations (0.08 to 2.9 sclerotia /100g of soil) 

were recovered from all six fields in this study.  Results from Imolehin and Grogan (7) 

and Dillard and Grogan (2) revealed that a single sclerotium located within the 

competence depth (the total volume of soil surrounding the maximum depth and distance 

from which a sclerotium can infect lettuce plant) is sufficient to infect and kill lettuce 

plants.  Moreover, 100 % of the sclerotia collected from three fields in the current study 

were shown to be viable and capable of causing potential infection.  Thus, the estimated 

mean population of sclerotia of S. sclerotiorum from this study was relatively high in 

terms of disease risk.  Furthermore, the higher sclerotial populations revealed in this 

study compared to the study by Hao and Subbarao (6) were likely the result of a much 

more intensive lettuce cropping system used in the desert production areas of Yuma Co, 

AZ and Imperial Co, CA, as compared to central California.  In the desert areas, the high 

value of the winter lettuce crop favors yearly lettuce production and discourages winter 

crop rotation.  Additionally, there are few economically viable measures to reduce 

sclerotia populations in soil once established, so with yearly lettuce production S. 

sclerotiorum soil populations can increase annually.   

 The distribution of sclerotia of S. sclerotiorum in these soils was found to be 

nonrandom in all six sampled lettuce fields, and the high value of variance-to-mean ratio 

indicated an aggregated distribution of sclerotia, which is similar to the distribution of 

several other common soilborne sclerotial-forming fungi (11,15).  The magnitude of this 

ratio was influenced by an infrequent occurrence of high propagules counts (15).  In other 
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studies on the closely related fungus, S. minor, the variance/mean ratio was also greater 

than one in most of the lettuce fields sampled and suggested aggregated pattern as well 

(2).  Morisita’s index of dispersion, Lloyd index of patchiness and the two-term local 

quadrat variance method also indicate the aggregated distribution.  In a few plots, a 

random or uniform distribution pattern observed along the plot diagonals, but this was 

due to sclerotial counts of zero in most of the sampling units of those particular 

diagonals.   

 The observed over-all aggregated pattern and higher population of sclerotia in 

most plots likely resulted from normal lettuce production practices.  Lettuce fields are 

usually disked soon after crop harvest, while topped lettuce plants and discarded lettuce 

heads are still fresh and sclerotium formation on lettuce tissue is ongoing.  During this 

operation, the lettuce residues containing large numbers of recently formed sclerotia are 

incorporated and concentrated in the area immediately surrounding the originally infected 

lettuce head, reducing any opportunity for such residues and the concomitant sclerotia to 

be distributed about the field by other means, e.g., wind, tractor traffic, etc.  This 

contributes to an aggregated pattern of recoverable sclerotia in the following season and 

an increasingly aggregated pattern in subsequent seasons thereafter.  Consequently, the 

incidence of lettuce drop due to mycelia mediated infection should show a similar 

aggregated pattern, which in fact has been demonstrated in other studies (2,6).  

Interestingly, studies have shown that the incidence of lettuce drop caused by ascospore 

infection revealed an aggregated pattern as well, suggesting that ascospore dispersal in 

lettuce fields is also localized (6). 
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 Analysis of soil population data across fields (n=6) for goodness of fit to 

theoretical distribution models showed that the observed distribution in each field was not 

adequately described by either Poisson, negative binomial, or Neyman type A models, 

even though indices of dispersal suggested a aggregated distribution.  A similar failure to 

fit data to the distribution models was also observed in the frequency distributions of  

Macrophomina phaseolina microsclerotia from cultivated soils of Arizona, which also 

showed an aggregated distribution by indices of dispersion (11).  However, analysis of 

soil population data across plots (n=48) revealed that in most plots frequency 

distributions were adequately described by either negative binomial or Neyman type A 

models, representing clumped distribution patterns, and in agreement with the indices of 

dispersal.  The available theoretical models representing aggregated distributions are 

perhaps not optimal for describing sclerotia of Sclerotinia and Macrophomina in soil and 

new distribution models may be required to more accurately represent their distribution in 

field soils   

 The precision of sample size used in this study to estimate sclerotial population 

was tested with 20% standard error as suggested by Southwood (16).  The predicted 

sample size required to attain this level of precision was lower than the sample size used 

for field A, B and C.  However, the sample size required in determining the sclerotial 

population for field D, E and F was higher than the sample size used in this study.   The 

reason for the low number of soil samples required in determining sclerotial population in 

fields fro A to C was due to the presence of sclerotia in a higher percentage of sampling 

units and all the eight plots in all three fields have mean sclerotia between 0.5 to 5.8/ 100 
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g of soil.  The standard error calculated with 192 soil samples for fields A, B, C, and F 

(10, 18, 19, and 20%, respectively) was equal to or lower than the allowable standard 

error (20%).  However, the standard error calculated for fields D and E (25 and 31, 

respectively were higher than the allowable standard error.  The reason for higher 

requirement of sampling units and high standard error in field D and E was due to the 

presence of low sclerotia population in these two fields.  Since the number of soil 

samples required to determine sclerotia population for most fields was equal or below the 

sample size used in this study, a sample size of 192 cores used should be a reasonable 

sized sampling to determine sclerotia population which have a history of higher incidence 

of lettuce drop.  For fields with a less frequent history of lettuce drop, this sampling size 

may not be sufficient for precision.  However, if the disease potential is not as high, a less 

precise estimation of soil population may be more acceptable.  The calculated potential 

sampling error based upon plot means was higher than the allowable sampling error 

(20%) five out of six fields sampled were higher than the allowable sampling error (22 to 

40%).  As the sampling error in three out of five fields (A, B and F; 27, 22 and 22 %, 

respectively) with high sampling error was very close to the allowable sampling error, 

and require 15, 10, and 9 plots for field A, B and F respectively to estimate the sclerotia 

population and  also almost doubling the number of plots (14) for field A would only 

reduce the standard error by 7%, a sample size of 8 plots used in this study to estimate 

sclerotia population appears to be reasonable for at least a field with high history of high 

incidence of lettuce drop.  
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 In summary, the sclerotia populations of Sclerotinia sclerotiorum in winter lettuce 

production fields in the deserts of Arizona and California were high, followed an 

aggregated distribution, and were capable of causing substantial disease.  Moreover, the 

sampling strategy used in this study was reasonably sufficient to accurately determine the 

observed sclerotia population and distribution pattern.  Although, this study estimated the 

sclerotia population of S. sclerotiorum and determined their distribution in lettuce fields, 

it did not assess the potential impact of this inoculum on subsequent lettuce production.  

Thus, a future study on the relationship between sclerotium density and disease in desert 

winter production will be critical for the future development of more effective 

management strategies.   
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Table 1. Descriptive statistics for sclerotial population of Sclerotinia sclerotiorum for 

three lettuce fields  

Field  Plot Range Mean  Varian
ce 

Indices of dispersiona 

Var/ 

mean 

Morisita’s 

Index 

Lloyd’s 

Index  

A 1 0-5 0.8 1.8 2.2* 2.4* 1.2* 

 2 0-3 0.5 0.6 1.2 1.5 0.2 

 3 0-8 1.1 3.6 3.2* 3.2* 2.2* 

 4 0-35 2.3 20.7 9.0* 4.4* 8.1* 

 5 0-18 0.5 0.9 1.7* 2.6* 0.7 

 6 0-4 0.5 0.8 1.4 1.9* 0.44 

 7 0-4 1.1 2.8 2.5* 2.3* 1.5* 

 8 0-7 3.1 9.6 17.7* 6.3* 16.7* 

 Field wise by 
core 

0-35 1.2 54.6 8.9* 8.9* 7.9* 

 Field wise by 
plot 

0.5-3.1 1.2 0.9 0.8 0.6 -0.3 

        

B 1 0-9 1.0 4.0 4.1* 4.3* 3.1* 

 2 0-7 0.5 2.6 4.8* 8.3* 3.8* 

 3 0-39 2.1 62.8 29.6* 14.1* 28.5* 

 4 0-14 2.0 14.0 6.9* 3.8* 5.9* 

 5 0-31 4.4 50.3 11.4* 3.3* 10.4* 

 6 0-32 3.8 61.2 16* 4.8* 14.8* 

 7 0-39 5.8 117.9 20.4* 4.3* 19.4* 

 8 0-42 3.4 88.1 25.8* 8.0* 24.8* 

 Field wise by 
core 

0-42 2.9 51.1 17.7* 6.8* 16.7* 
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 Field wise by 
plot 

0.5-4.4 2.9 3.2 1.1 1.0 0.1 

        

C 1 0-22 3.8 29.9 7.9* 2.8* 6.8* 

 2 0-14 1.5 10.3 6.7* 4.6* 5.7* 

 3 0-13 2.5 10.9 4.4* 2.4* 3.4* 

 4 0-10 1.7 6.4 3.7* 2.6* 2.7* 

 5 0-19 3.6 23.7 6.5* 2.5* 5.5* 

 6 0-22 3.8 29.9 7.9* 2.8* 6.9* 

 7 0-14 3.3 13.4 4.1* 1.9* 3.1* 

 8 0-24 3.2 25.3 7.9* 3.1* 6.9* 

 Field wise by 
core 

0-24 2.9 18.8 6.4* 2.9* 5.4* 

 Field wise by 
plot 

1.5-3.8 2.9 0.9 0.2 0.8 -0.7 

D 1 0-2 0.23 0.27 1.15* 1.73* 0.15 

 2 0-11 0.92 6.15 6.67* 7.16* 5.67* 

 3 1-3 0.54 0.07 1.37* 1.71* 0.37 

 4 0-1 0.08 0.07 0.96 0 -0.04 

 5 0-0 0 0 - - - 

 6 0-1 0.04 0.04 1 - 0 

 7 0-1 0.23 0.19 0.8 0 -0.12 

 8 0-1 0.15 0.14 0.88 0 -0.12 

 Field wise by 
core 

0-11 0.27 1.00 3.66* 10.81* 2.66* 

 Field wise by 
plot 

0-0.92 0.27 0.1 0.35 -2.8 -0.65 

        

E 1 0-0 0 0 - - - 

 2 0-1 0.19 0.16 0.84 0 -0.16 
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 3 0-1 0.15 0.14 0.88 0 -0.12 

 4 0-0 0 0 - - - 

 5 0-4 0.15 0.62 4* 26* 3* 

 6 0-1 0.08 0.08 0.96 0 -0.04 

 7 0-1 0.04 0.04 1 - 0 

 8 0-1 0.04 0.04 1 - 0 

 Field wise by 
core 

0-4 0.08 0.13 1.63* 9.17* 0.63 

 Field wise by 
plot 

0-0.2 0.08 0.01 0.07 19.8* -0.93 

        

F 1 0-8 0.54 2.58 4.79* 8.29* 3.80* 

 2 0-2 0.15 0.30 1.92* 8.67* 0.92 

 3 0-2 0.31 0.30 0.98 0.93 -0.02 

 4 0-1 0.12 0.11 0.92 0.00 -0.08 

 5 0-1 0.08 0.07 0.96 0.00 -0.04 

 6 0-3 0.54 0.66 1.22* 1.43* 0.22 

 7 0-10 0.58 3.90 6.68* 11.14* 5.68* 

 8 0-3 0.56 0.84 1.50* 2.00* 0.50 

 Field wise by 
core 

0-8 0.36 1.09 3.06* 6.85* 2.06* 

 Field wise by 
plot 

0.1-0.6 0.36 0.05 0.13 -2.2* -0.87 

aValues followed by an asterisk (*) are significantly greater than 1.0 at P≤0.05, indicating 

an aggregated distribution. 
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Table 2. Distribution patterns of sclerotia of S. sclerotiorum within two diagonals of the 

same plots of six lettuce fields. 

 

 

Field  

Variance peak (radius of population aggregate)a 

Plot 

1 2 3 4 5 6 7 8 

d1 d2 d1 d2 d1 d2 d1 d2 d1 d2 d1 d2 d1 d2 d1 d2 

A 1 1 3 R 4 U 4 R 4 U 4 2 1 R 1 U 

B 4 R 4 U 6 U 6 1 4 R 5 U 1 6 1 U 

C 6 U 2 U 2 6 6 R 6 4 6 U 4 R 4 R 

D 3 U R U 1 2 2 U - - R - R 1 6 4 

E - - 2 2 2 U - - - 4 1 - - R - R 

F R U 2 - 4 6 U 4 R 4 4 U - 4 4 4 

a Radius of population aggregate (in meters) was obtained by plotting the variance of 

different blocks calculated using TTLQV method against block sizes.  d1 and d2 are the 

two diagonal paths of each plot.  R=variance fluctuates randomly with the different block 

sizes which indicates random distribution, U=variance is low and does not fluctuate at 

different block sizes which indicates uniform distribution, - = no sclerotia recovered from 

the diagonal. 
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Table 3. A precision of sampling size used in estimating sclerotia populations of 

Sclerotinia sclerotiorum in six lettuce fields.  

Field  No. of soil 
samples taken 

No. of soil 
samples 
required 
with 20% 

SE 

Sampling 
error with 

192 samples 
(%) 

No. of  
plots 

sampled 

No. of 
plots 

required 
with 20% 

SE 

Sampling 
error with 8 
plots (%) 

A 192 178 19 8 15 27 

B 192 152 18 8 10 22 

C 192 55 10 8 3 10 

D 192 334 25 8 32 40 

E 192 499 31 8 21 33 

F 192 214 20 8 9 22 
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Table 4. Goodness of fit of observed frequency distributions of sclerotia of Sclerotinia 

sclerotiorum in six lettuce fields to statistical distributions model.   

Field Sample 
unit 

Number of 
samples 

Poissona Negative 
binomiala 

Neyman type 
Aa 

A Soil core 192 93.3* 89.2* 444.0* 

B Soil core 192 77.0* 33.4* 16.8* 

C Soil core 192 12.7* 18.9* 852.0* 

D Soil core 192 7.1* 19.7* 170.3* 

E Soil core 192 0.4** 2.4** 5.9* 

F Soil core 192 9.1* 10.7* 83.3* 

aChi square value. Asterisk (*) indicates chi square statistic was highly significant 

(P<0.05) and that the observed frequency distribution was not adequately described by 

the expected frequency distribution.  Asterisks (**) indicates that the number of sclerotia 

frequency was not sufficient enough to have degree of freedom for the chi square test. 
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Table 5. Goodness of fit of the distribution of sclerotia of Sclerotinia sclerotiorum within 

plots in six lettuce fields to statistical distribution.  

Field Plot Poissona Negative 
binomiala 

Neyman type 
Aa 

A 1 2.7 0.2 1.2 

 2 0.04 0.2** 0.6** 

 3 5.4* 0.4 6.5* 

 4 54.7* 5.5* 2.1 

 5 0.4 0.6 1.5 

 6 1.2 3.2** 4.2* 

 7 2.2 1.8 7.6* 

 8 71.3* 15.4* 2.5 

     

B 1 6.0* 1.1 30.1* 

 2 6.8* 2.3 0.1** 

 3 91.2* 4.6 0.0** 

 4 55.0* 1.9 2.2 

 5 136.1* 3.4 2.4 

 6 121.5* 12.9* 3.7 

 7 394.9* 10.7* 9.3* 

 8 306.1* 1.1 1.2** 
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C 1 91.5* 1.8 1.4 

 2 15.3* 2.7 2.1 

 3 29.0* 0.2 3.3 

 4 9.5* 0.4 10.2* 

 5 96.4* 0.3 2.0 

 6 91.5* 1.8 1.4 

 7 58.5* 2.6 13.0* 

 8 35.1* 3.7 18.0* 

D 1 0.0** 0.0** 0.0** 

 2 15.1* 2.5 0.0 

 3 0.2 0.8** 1.7 

 4 - - - 

 5 - - - 

 6 - - - 

 7 - - - 

 8 - - - 

     

E 1 - - - 

 2 - - - 

 3 - - - 

 4 - - - 
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 5 - - - 

 6 - - - 

 7 - - - 

 8 - - - 

     

F 1 3.8 1.5 1.5** 

 2 - - - 

 3 0.0 # # 

 4 - - - 

 5 - - - 

 6 0.3 0.0* 0.9** 

 7 4.7* 6.9* 1.2** 

 8 0.8 1.3 0.2 

aChi square value. Asterisk (*) indicates chi square statistic was highly significant 

(P<0.01) and that the plot frequency data was not adequately described the corresponding 

frequency distribution.  Double asterisk (**) indicates that the frequency of sclerotia was 

not enough to calculate a χ
2. – indicates that the number of sclerotia frequency available 

to run the test was not sufficient.  # indicates the variance of the particular plot is ≤ to 

mean of the plot, which prohibits running corresponding test. 
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Figure 1. Frequency distribution of sclerotial densities of Sclerotinia sclerotiorum in six 

lettuce fields.  
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Figure 2. Graph of variance peaks for random, uniform, and clumped patterns of sclerotia 

of Sclerotinia sclerotiorum from two diagonals of the same plot for representative plots 

from three lettuce fields. 
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APPENDIX C 

EFFECT OF SCLEROTINIA SCLEROTIUM DENSITY AND THE EFFICACY 

OF Coniothyrium minitans ON THE INCIDENCE OF LETTUCE DROP UNDER 

DIFFERENT IRRIGATION SYSTEMS 

P. Chitrampalam and B. M. Pryor 

ABSTRACT 

Chitrampalam, P., and Pryor, B. M. 2009. Effect of Sclerotinia sclerotium density and the 

efficacy of Coniothyrium minitans on the incidence of lettuce drop under different 

irrigation systems 

 Phytopathology 99: XXX-XXX 

Field experiments were conducted over two years in Yuma, AZ, and Holtville, CA to 

establish relationship between sclerotium density and the incidence of lettuce drop in 

different lettuce types (crisphead, romaine, and leaf) under sprinkler and furrow irrigation 

and to determine the efficacy of the biocontrol agent Coniothyrium minitans (Contans) 

against Sclerotinia sclerotiorum at sclerotium varied density and under different 

irrigation systems.  Lettuce drop incidence was lowest in romaine lettuce at all levels of 

sclerotium density.  Plots with 40 or 100 sclerotia/m2 bed yielded the maximum disease 

incidence, which were significantly higher than that in control plots for all lettuce types.  

A single application of Contans at planting significantly reduced the incidence of lettuce 

drop even under high disease pressure at both locations in both year experiments.  There 
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were no significant differences between low (2.2 kg/ha) and high (4.4 kg/ha) application 

rates of Contans and also no significant differences between 1 or 2 applications of 

Contans.  There was no significant effect of irrigation on either the impact of sclerotium 

density or the efficacy of Contans at each sclerotium density.  In summary, 10, 10, and 40 

sclerotia/m2 beds is sufficient to cause significant damage in crisphead, leaf, and romaine 

lettuce types, respectively, and one application of Contans at planting was the most 

effective treatment in all lettuce types for the control of lettuce drop caused by S. 

sclerotiorum. 

INTRODUCTION  

Lettuce (Lactuca sativa L.) is one of the most economically important vegetable 

crops grown in California and Arizona, and 95% of the US lettuce production occurs 

within these two states.  Between these states, production occurs in three distinct regions 

depending on the season with winter production concentrated in the desert valleys of 

Yuma Co, AZ and Imperial Co, CA (40,8,20).  However, in all production areas, lettuce 

drop is one of the most common and destructive diseases (19,48,39) and crop losses may 

vary from 1% to nearly 75 % (43).  In some cases, entire fields may be lost (44). 

Lettuce drop is caused by two closely related fungi, Sclerotinia sclerotiorum (Lib.) de 

Bary and S. minor Jagger.  Although both fungi are present in the lettuce growing areas 

of Arizona and California, their prevalence in the different production regions is 

somewhat distinct.  In the cooler coastal California, S. minor is the predominant species 

whereas in desert production areas of Yuma and Imperial counties S. sclerotiorum is the 

predominant species (45).  Both fungi produce sclerotia, which function as survival 
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propagules and primary inoculum for subsequent lettuce crops through direct germination 

of sclerotia.  However, S. sclerotiorum may also infect through ascospores formed from 

apothecia produced by carpogenic germination of sclerotia.  The formation of apothecia 

and subsequent ascospore production depends on soil temperature and moisture 

(45,17,4,50), and conditions conducive for this are infrequently encountered in desert 

production areas (36).  Thus, the main cause of lettuce drop in the southwest deserts is 

through direct germination of sclerotia of S. sclerotiorum.  

Previous studies on sclerotium populations of S. sclerotiorum in winter lettuce 

production field of Arizona and California revealed that the sclerotium population in 

commercial fields may be as high as 3 sclerotia/100 g soil.  The high sclerotia population 

may be due to the intensive lettuce cropping systems that occurs in the winter in the 

southwest deserts (11).  However, that study did not assess the potential impact of 

inoculum on subsequent lettuce production.  Thus, the study on the relationship between 

sclerotium density and disease incidence in desert winter production is lacking, but is 

critical for the future development of more effective management strategies. 

 There currently are no commercial lettuce cultivars with resistance to either 

Sclerotinia spp. (45).  Crop rotation offers some promise for disease management as 

rotation from lettuce to broccoli, a non-host, resulted in a significant reduction in number 

of sclerotia of S. minor and the incidence of lettuce drop in previous study (21).  

However, the effect of broccoli rotation on S. sclerotiorum was not evaluated.  

Furthermore, lettuce production in Arizona and California is location-specific and very 

intensive, and the economics of taking land out of lettuce production for any length of 
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time are often not justifiable.  Moreover, S. sclerotiorum has a broad host range and 

extended survival in soil in the absence of hosts.  Thus, crop rotation is often not an 

acceptable management alternative (17,45).   

More commonly, management strategies for lettuce drop rely heavily on chemical 

applications.  However, fungicides such as dicloran (Botran), iprodione (Rovral), and 

vinclozolin (Ronilan) have provided only modest level of control of lettuce drop in most 

situations (33,36,45,12).  Moreover, the ability of iprodione and vinclozolin to control 

lettuce drop under intensive lettuce production can be short lived due to rapid degradation 

in soil or development of resistance in Sclerotinia (45,13, 25).  The heightened concern 

over pesticide residue on lettuce crops considering the prominence of lettuce in the daily 

diet, environmental effects from frequent fungicide applications and a desire for higher 

level of disease control than that provided by fungicides currently available (36), support 

the development of non-chemical approaches. 

Considerable research has been conducted on evaluating biological control strategies 

for the management of Sclerotinia species in a number of cropping systems 

(15,23,24,37).  Most contemporary research involves the use of mycoparasitic fungi that 

specifically attack fungal hyphae or degrade sclerotia.  The most notable of these are 

Trichoderma spp., Sporidesmium sclerotivorum, and Coniothyrium minitans.  However, 

previous work from field study by Chitrampalam et al (12) revealed that neither 

Trichoderma nor Sporidesmium provided significant control over either Sclerotinia spp. 

in desert lettuce production.  In contrast, the study by Chitrampalam et al (12) revealed 

that two applications of C. minitans significantly reduced the incidence of lettuce drop 
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caused by S. sclerotiorum and significantly increased the yield in both Arizona and 

California trials.  However, the level of control achieved with C. minitans in Arizona 

trails was modest as opposed to near complete control in California trials despite higher 

disease incidence in control plots.   

It was hypothesized that the sprinkler irrigation used in the California experiments 

might have increased the dispersal of C. minitans following application or maintained 

more even soil moisture over the course of the growing season resulting in near complete 

parasitism of S. sclerotiorum sclerotia compared to greater fluctuation in soil moisture 

under furrow irrigation and modest control of lettuce drop in the Arizona trials.  

Therefore, the specific objectives of this study were to: (i) establish relationships between 

sclerotium density and incidence of lettuce drop under different irrigation methods for 

crisphead, romaine, and leaf lettuce in desert soil and climatic conditions.  In addition, the 

efficacy of C. minitans was compared to other chemical and/or biological agents and 

combinations of these products in controlling lettuce drop for crisphead at different 

sclerotium densities and under different irrigation methods.  

MATERIAL AND METHODS  

Field experiments: Two sets of field experiments were conducted at the University of 

Arizona Yuma Agricultural Center, Yuma, AZ and at the University of California Desert 

Agricultural Research and Extension Center, Holtville, CA in the 2004-2005 and 2005-06 

cropping seasons.  Both experiments were designed as a split-split plot design with three 

blocks.  For both experiments, inoculum consisted of sclerotia of S. sclerotiorum 

produced in lab according to methods described by Matheron and Porchas (35).  
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Inoculum was applied on the top of each bed by hand immediately before planting and 

was lightly incorporated into the top centimeter of soil during seeding that immediately 

followed.  Lettuce was planted on beds with 102 cm between bed centers with two rows 

of lettuce spaced 30 cm apart on each bed.  Each treatment plot consisted of four 10 m 

beds. Within each plot only the center two beds were evaluated to fully separate the effect 

of each treatment. 

All other cultural practices standard for desert lettuce production in Arizona and 

California were applied for each trial including pre-plant applications of the herbicide 

Kerb (a.i. = pronamide; Dow AgroSciences, Indianapolis, IN), pre-plant and 

supplemental fertilization, and manual thinning and weeding as needed.  At plant 

maturity and harvest, the numbers of healthy, symptomless, lettuce plants from the center 

two beds were recorded and the percentage lettuce drop incidence was calculated based 

upon differences between treatment plots and contol plots (experiment 1) or blank plots 

(experiment 2).  In addition, 10 marketable asymptomatic lettuce heads were collected 

randomly from each bank plot to assess potential growth stimulation benefits from each 

treatment.   

Experiment 1. Effect of sclerotium densities on lettuce drop incidence under 

sprinkler vs. furrow irrigation.   

The trial was carried out to examine the potential of S. sclerotiorum to infect 

different lettuce types at varying sclerotium densities under different irrigation types.  

Irrigation types (furrow and sprinkler), lettuce type (crisphead, romaine, and leaf), and 

sclerotium density (2, 10, 40, and 100 sclerotia/ m2 bed) were the main plot, subplot and 
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sub-subplot, respectively.  The cultivars Winterheaven, PIC 714, and 2-Star were used for 

crisphead, romaine and leaf lettuce types, respectively.  Control plots received no 

inoculum. 

Experiment 2. Effect of different biocontrol products on lettuce drop under 

sprinkler vs. furrow irrigation 

A trial was carried out to test the efficacy of C. minitans and a second biocontrol 

product against S. sclerotiorum at varying sclerotium densities under different irrigation 

types.  Crisphead (Winterhaven) lettuce was used as host.  Irrigation types (furrow and 

sprinkler), sclerotium density (20 and 200 sclerotia/ m2 bed), and treatment were the main 

plot, subplot and sub-subplot, respectively.  Treatments included Contans (Coniothyrium 

minitans; Prophyta, Germany; application rate; 2.2 kg/ha or 4.4kg/ha) and Companion 

(Bacillus subtilis; Growth Products Ltd., White Plians, NY, USA; application rate; 4.4 

liters/ha) in both single and double applications.  Single applications were applied 

immediately after seeding but before initial irrigation.  Double applications were applied 

after seeding and again after thinning at approximately 4 week post seeding.  A chemical 

treatment consisting of a single application of Rovral 4F (a.i = iprodione: Bayer Crop 

Science, Research Triangle Park, NC; application rate 1.1 kg a.i/ha) was included for 

comparison as a chemical standard frequently used in desert lettuce production. 

Combinations of treatments were also evaluated.  Blank plots (uninfested control) 

received no inoculum and control plots (infested control) received no treatments. 
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Statistical analysis:  Analysis of variance was performed on the number of 

asymptomatic heads at harvest. A χ2 test for homogeneity of variance for data from each 

year in each location was carried out to test whether the 2 years of data from Yuma and 

from Holtville experiments could be combined as single data sets. All statistical analyses 

were conducted using Sigmastat software package (Systat Software Inc., San Jose, CA, 

USA). 

RESULTS 

Experiment 1. Effect of sclerotium densities on lettuce drop incidence under 

sprinkler vs. furrow irrigation.   

 The χ2 test revealed significant differences between location and year in a four-

way analysis, so the 4 data sets could not be combined as one.  A second analysis 

revealed that the Arizona trials could not be combined, nor could the California trials be 

combined.  A third analysis revealed that the 2004-2005 Arizona trial could not be 

combined with the 2004-2005 California trial, but the 2005-2006 trials in Arizona and 

California could be combined. 

In 2004-05 in Yuma, there was no significant difference between the irrigation 

types (Table 1). Thus, these data were combined and analyzed as a single data set to 

better assess the effects of inoculum density and lettuce type on the incidence of disease.  

The disease incidence in plots with romaine lettuce as a host, containing 2, and 10 

sclerotia/ m2 bed was 5 and 10 % respectively, which were not significantly different 

from that of control plot containing no sclerotia (Fig.1).  However, the incidence of 

lettuce drop from plot containing 40 and 100 sclerotia/m2 were statistically different from 
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that of control and resulted in 15 and 30 % incidence of disease, respectively.  In plots 

with crisphead lettuce as a host, the incidence of lettuce drop from plots containing 10, 

40, and 100 sclerotia/m2 bed were 19, 40, and 61 %, respectively, which were statistically 

different from that of control plots containing no sclerotia (Fig.1).  In plots with leaf 

lettuce as a host, the incidence of lettuce drop in plots containing 10, 40, and 100 

sclerotium/m2  bed were 35, 56, and 71 %, respectively, which were statistically different 

from that of uninfested control plots (Fig.1). 

Results were similar for experiments conducted in Holtville, California in 2004-

05.  Again, there was no significant difference between the irrigation types (Table 2).  

Thus, these data were also combined and analyzed as a single data set.  In plots with 

romaine lettuce as host, only the plots with 100 sclerotia /m2 bed resulted in 19% disease 

incidence, which was significantly higher than control (0%) (Fig.2).  In plots with 

crisphead lettuce as a host, the percent disease incidence only from plots containing 40 

and 100 sclerotia /m2 bed was 31 and 55%, respectively, which was significantly 

different from that of control (Fig.2).  In plots with leaf lettuce as host, the disease 

incidence in plots with 10, 40, and 100 sclerotia/m2 bed was 25, 68, and 68%, 

respectively, which were significantly higher from that of control (Fig.2.)   

In 2005-06, the χ2 test for homogeneity of variance revealed that the data from 

the AZ location and the CA location could be pooled and analyzed as one data set.  

Again, there was no significant difference between the irrigation types in the experiments 

(Table 3), so the data was combined to better access the impact of inoculum density and 

lettuce type on the incidence of disease. In plots with romaine as a host, disease incidence 
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from the plot with 10, 40, and 100 sclerotia/m2 bed was 10, 17, and 25 %, respectively, 

which were significantly higher than that of control and plot with 2 sclerotia/m2 bed 

(6%).  In plots with crisphead lettuce as a host, the lettuce drop incidence obtained with 

different level of sclerotial inoculum was comparatively lower than that of 2004-05 

experiment.  Only the plot containing 100 sclerotia/m2 bed yielded an incidence of 

disease (18%) which was significantly different from that of all other treatments and the 

control (Fig. 3).  In experiment with leaf lettuce as host, the disease incidence from plots 

containing 10, 40, and 100 sclerotia/m2 was 9, 19, and 28%, respectively, which were 

significantly different from that of control.   

Experiment 2. Effect of different biocontrol products on lettuce drop under 

sprinkler vs. furrow irrigation 

 As in experiment 1, the χ2 test revealed significant differences between location 

and year in a four-way analysis, so the 4 data sets could not be combined as one.  A 

second analysis revealed that the Arizona trials could not be combined, nor could the 

California trials be combined.  A third analysis revealed that the 2004-2005 Arizona trial 

could not be combined with the 2004-2005 California trial, but the 2005-2006 trials in 

Arizona and California could be combined. 

In 2004-05 in Yuma, results from experiment with sprinkler irrigation were not 

significantly different from that of furrow irrigation (Table 4).  Thus, these data were 

pooled and analyzed as one data set.  The percent incidence of lettuce drop induced by S. 

sclerotiorum in control plots (no treatment) containing 20 sclerotia and 200 sclerotia/m2 

bed were 32 and 82 %, respectively (Fig.4).  In treatment plots containing 20 sclerotia/m2 
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bed, combined treatment of single application of high rate of Contans with Rovral 

resulted in the lowest incidence of disease (4%) (Fig.4).  The incidence of disease in plots 

containing either single or two applications of the recommended low dose of Contans  

was 11% and 11%, respectively, and was not significantly different from that in plots 

treated with either two application of high rate of Contans alone (7%) or treated in 

combination with both high rate of Contans and Rovral (5%) (Fig.4).  The incidence of 

disease from Rovral treated plots was 16% and was also significantly lower than that of 

control plots but higher than that of plots treated either with single or two applications of 

high rate of Contans alone or combined with Rovral (Fig.4).  

In treatment plots with high level of sclerotial inoculum (200 sclerotia/ m2 bed ), 

the incidence of disease in plots treated with either single or two applications of Contans 

at the low rate (15% and 17%, respectively), Contans at the high rate (13% and 14%, 

respectively), or in combination with Rovral (9%) was significantly lower from that of  

control plots (81%) or plots treated with Companion or Rovral alone (81% and 53%, 

respectively) (Fig.4).  Single or two applications of Rovral resulted in a significantly 

lower incidence of disease (50%) than that of control plots and higher than that of plots 

containing any rate of Contans.  The plot treated with Companion resulted in the highest 

incidence of disease (82%), which was almost equal to the control plots (Fig.4). 

Results from experiments in Holtville, CA, in 2004-05 were similar to the results 

from Yuma experiments.  There was no significant difference between the experiment 

with sprinkler and furrow irrigation (Table 5) and thus, the data from these two 

experiments were also pooled and analyzed as a single data set.  The percent lettuce drop 
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incidence from blank plots containing 20 and 200 sclerotia/ m2 bed was 16 and 56%, 

respectively which were lower than that of Yuma, AZ, experiment (Fig.5).  In experiment 

with low level of disease inoculum (20 sclerotia/ m2 bed), the incidence of disease only 

from plot containing either single application of low rate of Contans (7%) or single or 

two applications of high rate of Contans (4% and 4%, respectively) or in combined with 

the fungicide Rovral (2%) were significantly lower than that of control plots.  The 

incidence of disease in Rovral plots (11%) was not significantly different from that of 

control plots (Fig.5).  In experiment with  a high level of inoculum (200 sclerotia/ m2 

bed), again, the plot treated with single or two application of any rate of Contans sprayed 

alone or with Rovral resulted in significantly lower incidence of disease than either 

control plots or  Rovral plots (Fig.5).  The incidence of disease from Rovral plots was 

also significantly lower than that of control plots but higher than that of plot treated with 

any rate of Contans (Fig.5). 

 There was a significant difference in lettuce head weights between irrigation types 

in both AZ and CA experiments in 2004-05.  However, there were no significant 

differences between the furrow irrigation and also between the sprinkler irrigation of two 

locations (Table 7).  Thus, the data of furrow irrigations of both locations and the data of 

sprinkler irrigation of both locations were combined separately and analyzed as a single 

data set.  In both irrigation types, there was no significant increase in head weight was 

observed with any products (Table 11).  In both irrigation types, plots treated with 

Contans resulted in numerically higher head weight compared with uninfested, untreated 
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control plots and plots treated with other products, but the differences were not 

statistically significant (Table 11).   

In 2005-06, the χ2 test for homogeneity of variance revealed no significant 

differences between the AZ and CA data, and, these data were pooled and analyzed as 

one data set.  Again there were no significant differences between the irrigation types 

(Table 6).  The disease incidence in plots with low (20 sclerotia/ m2 bed) and high level 

of sclerotial inoculum was 15 % and 39 %, respectively (Fig.6).  In plots with low level 

of inoculum, only the treatment containing both Contans and Rovral resulted in a 

significantly lower incidence of disease than that of control.  The incidence of disease 

from all other treatments was neither significantly different from that of control nor from 

that of the treatment recorded lowest or second lowest incidence of disease (Fig.6).  

In experiment with high level of inoculum (200 sclerotia/ m2 bed), two 

applications of high rates of Contans combined with two applications of rovral resulted in 

the lowest incidence in disease (15%) which is significantly lower than that of control 

plots (Fig.6).  The incidence of disease from treatments containing one application of 

high rate of Contans combined with one application of Rovral (17%) was also 

significantly lower than that of control but not from that of other treatments except 

Companion.  Either one or two applications of high rate of Contans (25% and 24%, 

respectively) or Rovral (23%) were significantly different from the control but not from 

either single or two applications of low rate of Contans (28% and 26%, respectively) or 

treatment containing both Contans and Rovral (17%) (Fig.6).    
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 As there were no significant differences in head weight between the irrigation in 

2005-06 Arizona experiment (Table 9), these data were combined and analyzed as a 

single data set.  There were no significant differences between treatments in increasing 

head weight (Table 11).  However, plots treated with Contans resulted in numerically 

higher head weight compare to blank plots (uninoculated, untreated), and plots treated 

with other products, but the differences were not statistically significant.  In CA 

experiments, there was a significant difference between the irrigation types (Table 10).  

Again, there were no significant differences between the treatments in increasing the 

head weight in either irrigation types.  However, in furrow irrigation, plots containing 

Contans resulted in numerically higher head weight than blank plots and plots treated 

with other products.  In sprinkler irrigation, Rovral treated resulted in numerically higher 

head weight than that of blank plots and other products treated plot, but these differences 

were not statistically significant (Table 11). 

DISCUSSION 

This study determined the relative resistance of major types of cultivated lettuce 

(crisphead, romaine, and leaf lettuce) to S. sclertiorum and the effect of different 

irrigation systems currently employed in lettuce production in Arizona and California on 

the incidence of lettuce drop under different sclerotium inoculum level.  None of the 

cultivars tested, have any reported resistance to lettuce drop.  Moreover, there are no 

commercially acceptable cultivars within each lettuce types with noted resistance to 

Sclerotinia species.  Thus, the difference in three lettuce cultivars selected represent 

general resistance to lettuce drop among types.  Among the lettuce types tested, romaine 
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lettuce was most tolerant and crisphead and leaf lettuce were the most susceptible to 

Sclerotinia sclerotiorum in both Yuma, AZ and Holtville, CA in 2004- 05.  In 2005-06, 

the incidence of lettuce drop recorded in crisphead and leaf lettuce was comparatively 

lower than that in 2004-05.  The reason for the low level of disease incidence in 2005- 06 

is uncertain but may be due to an interaction with gray mold infection noted in that year’s 

trials.  The results from previous field survey by Wu and Subbarao (49) revealed that the 

incidence of lettuce drop in leaf lettuce was significantly lower than that of romaine and 

crisphead which is inconsistent with this study.  The previous field surveys were carried 

out in lettuce production fields in Salinas valley where S. minor is the predominant 

species.  However, in this study, S. sclerotiorum was used as a pathogen and the relative 

level of resistance of different lettuce types to lettuce drop caused by S. sclerotiorum was 

not previously determined (49).  As S. sclerotiorum and S. minor differ in epidemiology, 

host range, and mode of infection (1,49), it is likely that the two species may also differ 

in their ability to infect different lettuce types.    

 This study also confirmed that C. minitans is an effective biocontrol agent in 

suppressing lettuce drop caused by S. sclerotiorum and outperformed the fungicide 

Rovral (iprodione) in most experiments.  Although, the results from 2005-06 experiment 

with regard to the performance of C. minitans against S. sclerotiorum were consistent 

with 2004-05 experiment, it differed with respect to the level of disease incidence and the 

level of disease suppression obtained with the different rates of Contans.   In 2004-05 

experiments at both locations, the level of  disease suppression with Contans was near 

complete  and one application of recommended rate of Contans (2.2 kg/ha) at the time of 
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planting was sufficient enough to completely suppress lettuce drop and the level of 

disease suppression was significantly higher than that obtained with the commonly used 

fungicide, Rovral.  In contrast, lettuce drop incidence and the level of control achieved 

with Contans were modest in 2005-06 experiment.  The reasons for the differences 

between two years experiment may also be related to the incidence of gray mold (causal 

agent Botrytis cinerea) noted in 2005-06 experiment.  At both Yuma, AZ and Holtville, 

CA, in 2005-06, the incidence of gray mold became apparent right about the time of the 

trial harvest, and it might have impacted both the ability of S. sclerotiorum to cause 

disease and the ability of C. minitans to parasitize S. sclerotiorum, which resulted in less 

disease incidence with S. sclerotiorum and less disease suppression with C. minitans.  

However, the overall results from this study on efficacy of Contans in suppressing lettuce 

drop were consistent with the results from our previous study (12).  What was different 

was in the number of applications of Contans required to successfully suppress the lettuce 

drop.  Results from previous study showed that one application of Contans immediately 

following planting did not significantly suppress lettuce drop but two applications of 

Contans one following planting and one following thinning did control lettuce drop 

significantly.  In the current study, only one application at planting was sufficient.  The 

reason for the differences may be related to one notable difference in experimental 

methods in these two studies.  In previous study, the pathogen inoculum was applied at 

thinning as opposed to at immediately after planting in this study.  As the weather 

conditions in desert agroecosystem are not favorable for ascospore production, the 

infection is mainly through eruptive germination of sclerotia.  Sclerotia usually initiates 
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the infection at two phases of growth in lettuce; first phase at rosette stage 3 to 4 weeks 

after seedling emergence and second phase at near crop maturity.  Thus, the application 

of Contans at the time of planting gives more opportunity for the slow growing fungus 

Coniothyrium to find its host sclerotia and degrade them before the pathogen can attack 

lettuce seedlings.  As sclerotia are the main source of nutrients for C. minitans, 

application of Contans one month earlier to application of pathogen inoculum may result 

in loss of C. minitans population, which would result in reduced control of lettuce drop as 

was observed in the previous study.  Considering the effective impact of single 

applications of Contans on sclerotia populations and the many fields in the lettuce 

production in Arizona and California every winter, additional benefits of Contans might 

be realized if growers applied Contans immediately following a lettuce crop so that 

degradation of any sclerotia that might have been produced would be initiated well in 

advance of the subsequent lettuce crops surely planted the following season.  The results 

on the overall efficacy of Contans on lettuce drop is consistent from this study with 

previous studies on the control of S. sclerotiorum using C. minitans in lettuce 

(6,7,9,28,34) as well as on the biocontrol of  Sclerotinia diseases of beans (7,18,30,31). 

 Rovral served as a standard fungicide in all experiments and the level of disease 

suppression achieved with Rovral was not dramatic, and in most trials was significantly 

lower than that of biocontrol product Contans.  This results was consistent with that of 

our previous study (12).   Although, commercially, Rovral has been extensively used to 

control lettuce drop in both California and Arizona and most studies revealed that it 

significantly improved lettuce drop control (33,44), the field loss due to lettuce drop 
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continue to be significant despite common fungicide use.  Previous studies have found 

that the suboptimal performance of Rovral in field may be due to rapid degradation of 

fungicide by soilborne microbes (36) which is exacerbated by high soil pH > 6.5 common 

in desert production areas (51).   

 This study also revealed that the method of irrigation (sprinkler or furrow) did not 

have a significant effect on the ability of S. sclerotiorum to successfully cause disease in 

both Arizona and California trials.  Results from previous study also showed that (46,49) 

lettuce drop incidence was lower in fields with either surface or subsurface drip irrigation 

than in fields with furrow or sprinkler irrigation system..  Thus, sprinkler and furrow 

irrigation types are not an effective irrigation strategy for the management of lettuce drop 

in lettuce production fields.  In addition, this study also revealed that there was no 

significant effect of irrigation on Contans performance on controlling lettuce drop: 

treatments applied under furrow irrigation performed similarly as did those under 

sprinkler irrigation.  However, previous study by Bolton et al (4) suggested that Contans 

is effectively splash dispersed and more effective under sprinkler irrigation in 

greenhouse.  Moreover, the results from our previous study (12) also suggested C. 

minitans was more effective in controlling lettuce drop under sprinkler irrigation than 

furrow irrigation. This seemingly contradictory result from this study with the previous 

study could be due to the differences in other experimental procedures methods followed 

for furrow or sprinkler irrigation rather than irrigation types alone.  For example, in the 

previous study with furrow irrigation, Contans and pathogen inoculum was applied at the 

time of planting and thinning, respectively, as opposed to both applied at the time of 
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planting with the sprinkler irrigation.  The later facilitated a greater interaction between 

Sclerotinia and C. minitans and the corresponding disease suppression.  In the current 

study both irrigation treatments utilized application of both pathogen and biocontrol 

products at planting.  The split split-plot design utilized in this study provided a more 

accurate assessment of irrigation influences on Contans performance in controlling 

lettuce drop.  As surface drip system now employed widely in commercial lettuce 

production filed and the lettuce drop incidence was comparatively lower in surface drip 

irrigated lettuce fields than furrow and sprinkler irrigated fields (46), it will be an 

interesting and important extension of this work to study the effect of surface drip system 

on the performance of Contans in suppressing lettuce drop. 

 In summary, this study revealed that crisphead and leaf lettuce were the most 

susceptible lettuce types to S. sclerotiorum and sclerotia inoculum of 10 sclerotia/m2 bed 

was sufficient to cause significant increase in disease.  Romaine lettuce was more tolerant 

and required up to 40 sclerotia/m2 bed for significant increases in disease to become 

apparent.  Thus, in fields heavily infested with S. sclerotiorum, the planting of only 

romaine lettuce would be recommended.  This study also revealed that irrigation method, 

at least regarding sprinkler vs. furrow irrigation, does not significantly impact either S. 

sclerotiorum pathogenicity on lettuce or C. minitans parasitism of Sclerotinia in lettuce 

production fields.   And finally, this study further supports previous studies that the 

commercial product Contans containing C. minitans was highly effective for the control 

of lettuce drop caused by S. sclerotiorum in desert lettuce production systems.   
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Table 1 Analysis of variance table for the experiment-I conducted in 2004-05 in AZ. 

Source Degree of 
freedom 

Sum of 
squares 

Mean 
square 

F value Prob 

Replication 2 16.022 8.011 0.2581  

Factor A (irrigation) 1 348.100 348.100 11.2170 0.0788 

Error 2 62.067 31.033   

Factor B (lettuce types) 2 33992.156 16996.08 270.686 0.0000 

AB 2 135.800 67.900 1.0814 0.3840 

Error 8 502.311 62.789   

Factor C (sclerotium density) 4 26011.711 6502.928 136.250 0.0000 

AC 4 53.844 13.461 0.2820  

BC 8 2592.956 324.119 6.7910 0.0000 

ABC 8 289.756 36.219 0.7589  

Error 48 2290.933 47.728   
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Table 2 Analysis of variance table for the experiment-I conducted in 2004-05 in CA. 

Source Degree of 
freedom 

Sum of 
squares 

Mean 
square 

F 
value 

Prob 

Replication 2 2330.689 1165.34 2.1055 0.3220 

Factor A (irrigation) 1 871.111 871.111 1.5739 0.3364 

Error 2 1106.956 553.478   

Factor B (lettuce types) 2 43573.356 21786.68 78.739 0.0000 

AB 2 2185.489 1092.74 3.9493 0.0641 

Error 8 2213.556 276.694   

Factor C (sclerotium density) 4 35221.933 8805.48 56.409 0.0000 

AC 4 630.556 157.639 1.0099 0.4117 

BC 8 8693.867 1086.733 6.9618 0.0000 

ABC 8 1006.844 125.856 0.8062  

Error 48 7492.800 156.100   
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Table 3 Analysis of variance table for the combined experiment-I of both AZ and CA 

conducted in 2005-06. 

 

Source 

Degree of 
freedom 

Sum of 
squares 

Mean 
square 

F value Prob 

Replication 5 12920.2 2584.0 4.0 0.0789 

Factor A (irrigation) 1 3672.1 3672.1 5.6 0.0639 

Error 5 3268.5 653.7   

Factor B (lettuce types) 2 5727.7 2863.9 7.9 0.0030 

AB 2 216.9 108.5 0.3  

Error 20 7288.7 364.4   

Factor C (sclerotium density) 4 13242.1 3310.5 88.7 0.0000 

AC 4 334.4 83.6 2.2 0.0689 

BC 8 307.3 38.4 1.0 0.4186 

ABC 8 320.8 40.1 1.1 0.3862 

Error 120 4481.5 37.3   
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Table 4. Analysis of variance table for the disease incidence in experiment-II conducted 

in 2004-05 in AZ. 

Source Degree of 
freedom 

Sum of 
squares 

Mean 
square 

F value Prob 

Replication 2 1912.011 956.006 38.6438 0.0252 

Factor A (irrigation) 1 52.272 52.272 2.1130 0.2832 

Error 2 49.478 24.739   

Factor B(sclerotium density) 2 44528.311 22264.156 105.3481 0.0000 

AB 2 235.911 117.956 0.5581  

Error 8 1690.711 211.339   

Factor C (treatments) 9 29861.939 3317.993 33.2195 0.0000 

AC 9 1011.450 112.383 1.1252 0.3514 

BC 18 31629.578 1757.199 17.5929 0.0000 

ABC 18 2346.200 130.344 1.3050 0.1992 

Error 108 10787.133 99.881   
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Table 5. Analysis of variance table for the disease incidence in experiment-II conducted 

in 2004-05 in CA. 

 

Source 

Degree of 
freedom 

Sum of 
squares 

Mean 
square 

F value Prob 

Replication 2 64.011 32.006 1.0319 0.4992 

Factor A (irrigation) 1 33.800 33.800 1.0897 0.4061 

Error 2 62.033 31.017   

Factor B (sclerotium 
density) 

2 23506.411 11753.206 150.9348 0.0000 

AB 2 249.233 124.617 1.6003 0.2602 

Error 8 622.956 77.869   

Factor C (treatments) 9 17740.667 1971.185 51.8775 0.0000 

AC 9 285.200 31.689 0.8340  

BC 18 18486.700 1027.039 27.0295 0.0000 

ABC 18 552.767 30.709 0.8082  

Error 108 4103.667 37.997   
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Table 6. Analysis of variance table for the combined experiment-II of AZ and CA, 

conducted in 2005-06. 

 

Source 

Degree of 
freedom 

Sum of 
squares 

Mean 
square 

F value Prob 

Replication 5 29261.800 5852.360 38.0936 0.0006 

Factor A (irrigation) 1 208.544 208.544 1.3574 0.2965 

Error 5 768.156 153.631   

Factor B (sclerotium 
density) 

2 44667.317 22333.658 126.7034 0.0000 

AB 2 692.339 346.169 1.9639 0.1664 

Error 20 3525.344 176.267   

Factor C (treatments) 9 6506.678 722.294 14.6170 0.0000 

AC 9 388.678 43.186 0.8731  

BC 18 4668.239 259.347 5.2435 0.0000 

ABC 18 1292.439 71.802 1.4517 0.1075 

Error 270 13354.367 49.461   
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Table 7. Analysis of variance table for head weight from the experiment-I conducted in 

2004-05 in AZ. 

Source Degree of 
freedom 

Sum of 
squares 

Mean 
square 

F value Prob 

Blocks 2 21.860 10.930 8.052 0.003 

Irrigation 1 11.793 11.793 8.688 0.009 

Treatments 9 10.721 1.191 0.878 0.562 

Residual 18 24.433 1.357   

Total 59 171.227 2.902   
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Table 8. Analysis of variance table for head weight from the experiment-I conducted in 

2004-05 in CA. 

Source Degree of 
freedom 

Sum of 
squares 

Mean 
square 

F value Prob 

Blocks 2 51.061 25.530 7.829 0.004 

Irrigation 1 24.576 24.576 7.536 0.013 

Treatments 9 14.094 1.566 0.480 0.869 

Residual 18 58.700 3.261   

Total 59 239.494 4.059   
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Table 9. Analysis of variance table for head weight from the experiment-I conducted in 

2005-06 in AZ. 

Source Degree of 
freedom 

Sum of 
squares 

Mean 
square 

F value Prob 

Blocks 2 13.111 6.556 1.114 0.350 

Irrigation 1 1.568 1.568 0.266 0.612 

Treatments 9 22.398 2.489 0.423 0.906 

Residual 18 105.930 5.885   

Total 59 285.417 4.838   
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Table 10. Analysis of variance table for head weight from the experiment-I conducted in 

2005-06 in CA. 

Source Degree of 
freedom 

Sum of 
squares 

Mean 
square 

F value Prob 

Blocks 2 35.100 17.550 7.983 0.003 

Irrigation 1 33.004 33.004 15.013 0.001 

Treatments 9 33.411 3.712 1.689 0.164 

Residual 18 39.571 2.198   

Total 59 284.790 4.827   
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Table 11. Effect of application of different biocontrol products and Rovral on lettuce 

head weight in plots infested with Sclerotinia sclerotiorum in Yuma, AZ and Holtville, 

CA in 2004-2006. 

 

Treatments 

Head weight (kg)w 

2004-05  2005-06 

AZ  & 
CAZ 

AZ & CAZ  AZ CA 

Furrow Sprinkler  Cy Furrow Sprinkler 

1. Uninfested control 17.2a 17.1a  26.9a 18.1a 16.4a 

2. Contans 2.2 kg/ha @ Px 16.7a 18.0a  27.5a 21.1a 16.9a 

3. Contans 2.2 kg/ha @ P & Tx 17.4a 15.9a  28.9a 19.3a 17.5a 

4. Contans 4.4 kg/ha @ Px 17.3a 16.4a  28.0a 20.2a 17.0a 

5. Contans 4.4 kg/ha @ P & Tx 16.7a 16.7a  27.2a 20.0a 16.8a 

6. Companion 16.9a 17.3a  27.6a 18.9a 17.0a 

7. Rovral @ Tx 17.0a 16.0a  27.9a 18.8a 17.2a 

8. Rovral @ T & PTx 17.2a 16.5a  27.0a 18.5a 17.8a 

9. Combined treatments: 4 & 7 16.6a 16.6a  27.8a 19.4a 16.9a 

10.Combined treatments: 5 &8 16.7a 17.3a  28.5a 20.6a 16.8a 

w Total weight of 10 marketable heads collected randomly from each treatment plots 

containing no sclerotia. Columns with different letters are significantly different 

according to the Holm-Sidak test (P <0.05), x P-  Planting, T – Thinning, PT- Post 

thinning, y C- data from both furrow and sprinkler irrigation types are combined. 

z AZ & CA data are combined. 
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Figure 1. Effect of Sclerotinia scleorotiorum density on the incidence of lettuce drop in  

2004-2005 experiment in Yuma, AZ. Columns with different letters are significantly 

different according to Tukey’s test (P <0.05). 
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Figure 2. Effect of Sclerotinia scleorotiorum density on the incidence of lettuce drop in 

2004-2005 experiment in Holtville, CA. Columns with different letters are significantly 

different according to Tukey’s test (P <0.05). 
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Figure 3. Effect of Sclerotinia sclerotiorum density on the incidence of lettuce drop in 

combined experiments of CA and AZ in 2005-06. Columns with different letters are 

significantly different according to Tukey’s test (P <0.05). 
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Figure 4. Effect of different biocontrol products and Rovral sprays on number of healthy 

lettuce heads at harvest in plots artificially infested with S. sclerotiorum in 2004-05 

experiment in Yuma, AZ.  Columns with different letters are significantly different 

according to Tukey’s test (P <0.05). 
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Figure 5. Effect of different biocontrol products and Rovral sprays on number of healthy 

lettuce heads at harvest in plots artificially infested with S. sclerotiorum in 2004-05 

experiment in Holtville, CA.  Columns with different letters are significantly different 

according to Tukey’s test (P <0.05). 
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Figure 6. Effect of different biocontrol products and Rovral sprays on number of healthy 

lettuce heads at harvest in plots artificially infested with S. sclerotiorum in  combined 

experiments of AZ and CA in 200-05.  Columns with different letters are significantly 

different according to Tukey’s test (P <0.05). 
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ABSTRACT 

Chitrampalam, P., and Pryor, B. M. 2009. Efficacy of Coniothyrium minitans on lettuce 

drop caused by Sclerotinia minor in desert agroecosystem.  Plant Dis.XX- XXX-XXX 

 Field experiments were conducted over two years in Yuma County, AZ and 

Imperial County, CA, to evaluate the different application rates of commercial 

formulation of Coniothyrium minitans (Contans) and field isolates of Paenibacillus 

polymyxa against lettuce drop caused by Sclerotinia minor.  The efficacy of biocontrol 

products against S. minor were compared with the chemical fungicide boscolid (Endura).  

Two applications of high rate of Contans (11 kg/ha), one at planting and one at post-
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thinning, significantly reduced the incidence of lettuce drop.  However, two applications 

of other rates of Contans (4.4, 6.6, and 8.8 kg/ha) did not significantly reduce the 

incidence of lettuce drop.  Two isolates of P. polymyxa applied at a rate of 9.4 liters/ha 

were not effective in reducing the incidence of lettuce drop due to S. minor.  Two 

applications of Endura, one at thinning and one at 4 weeks post thinning, significantly 

reduced the incidence of lettuce drop only at Yuma Co, AZ,  but not at Imperial Co, CA.  

In summary, successful management of lettuce drop caused by S. minor in desert 

ecosystem could best be achieved with high application rates of C. minitans. 

INTRODUCTION 

Lettuce drop is one of the most common and destructive diseases of lettuce through 

out the lettuce producing states of United States and other parts of the world and causes 

substantial yield loss yearly (49,53,24,40,51).  The disease is caused by two closely 

related fungi, Sclerotinia sclerotiorum (Lib.) de Bary and S. minor Jagger and both fungi 

are found in the major lettuce production areas of CA and AZ.  S. minor is the 

predominant species in the coastal valley of California, where as S. sclerotiorum is the 

predominant species in desert production areas of Yuma County, AZ and Imperial 

County, CA (47).  However, recent years have seen an increase in the occurrence of S. 

minor in the desert growing regions and this fungus is now recognized as major threat to 

desert lettuce production as well.   

Both fungi produce sclerotia, which function as survival propagules and primary 

inoculum for subsequent lettuce crops.  Sclerotinia minor infects lettuce primarily by 

hyphae from eruptive germination of sclerotia.  However, S. sclerotiorum may infect 
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either by mycelial germination of sclerotia or by ascospores from apothecia produced by 

carpogenic germination of sclerotia.  Environmental factors such as soil temperature and 

moisture, determine the formation of apothecia and subsequent ascospore production 

(47,21,4,54) and these factors in desert productions are not conducive for the formation 

of apothecia.(37).   

Currently, there are no commercial lettuce cultivars with resistance to either 

Sclerotinia spp., (47).  Although, crop rotation of lettuce with broccoli, a non-host, 

resulted in a significant reduction in number of sclerotia of S. minor and subsequent 

incidence of lettuce drop (25), skipping lettuce production for any length of time in most 

areas of Arizona and California are often not justifiable due to its high contribution to 

agricultural economy in these two states.  In addition, Sclerotinia spp.  have broad host 

ranges and long survival in soil in the absence of hosts, thus crop rotation is not suitable 

management alternative (21,47).  Therefore, current management strategies for lettuce 

drop rely heavily on chemical applications.  However, fungicides currently recommended 

for lettuce drop, such as dicloran (Botran), iprodione (Rovral), and vinclozolin (Ronilan) 

have only provided a modest level of control of lettuce drop in most situations 

(35,37,47,12).  Moreover, Sclerotinia spp., developed resistance to iprodione and 

vinclozolin under laboratory condition (14,29).  The heightened concern over fungicide 

residue on lettuce crops, negative effect of frequent application of fungicide on 

environment and a desire for higher level of disease control than that provided by 

fungicides currently available (37), support the development of non-chemical approaches.  
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Biological control strategy is a viable alternative to chemical strategy and substantial 

research has been conducted on evaluating biological control strategies for the 

management of Sclerotinia species in many cropping systems (18, 27, 28,38).   

Trichoderma based biocontrol products have been tested against Sclerotinia spp. in both 

greenhouse and field conditions (9,10,17,30,32,45,50,57) and have been shown with 

varying degrees of success from no to modest level of control (5,30,12).  Coniothyrium 

minitans and S. sclerotivorum have been used for control of sclerotia-forming fungi in 

onion, bean, pea, rapeseed, carrot, potato and chicory (1,20,39).  However, to date only 

C. minitans has been commercially available (7,44).  Results from the study by 

Chitrampalam et al (12) revealed that two applications of C. minitans significantly 

reduced the incidence of lettuce drop caused by S. sclerotiorum and significantly 

increased the yield in desert lettuce trials.  However, in these same trials C. minitans did 

not provide significant control against S. minor.  The reason for the inefficiency of C. 

minitans against S. minor in lettuce is not known.  However, sclerotia produced by S. 

minor are very small compared to those of S. sclerotiorum and may be less attractive of a 

target for parasitism by C. minitans.  Moreover, the number of sclerotia produced by S. 

minor is far greater than that produced by S. sclerotiorum and may additionally present a 

statistical challenge for effective C minitans parasitism.  Thus, the use of standard 

application rates of C. minitans against S. sclerotiorum may not be sufficient to 

significantly reduce S. minor sclerotia populations in lettuce production fields.  If both 

small size and great numbers contribute to reduced efficacy of C. minitans against S. 

minor, then a higher application rate of C. minitans may result in increased control.   
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Paenibacillus polymyxa, previously known as Bacillus polymyxa, is a common 

soil bacterium and has broad spectrum of anti-microbial activities.  Results from several 

laboratory studies showed the potential biocontrol effect of P. polymyxa against several 

soil borne pathogens including Pythium, Phytophthora, Fusarium, Rhizopus, Aspergillus, 

and Sclerotinia spp. (55,15,42,56).   In AZ in 2005, several isolates of P. polymyxa were 

recovered from sclerotia of S. sclerotiorum collected from lettuce production fields.  

Preliminary results on the effect of these isolates on S. minor and other soilborne fungi in 

vitro indicated that they were more efficient in inhibiting mycelial growth of Sclerotinia 

than commercial strains of B. subtilis used as the active agent of several commercially 

available biocontrol products.  This suggested that these strains may have considerable 

utility in a lettuce drop management program for the southwest deserts. 

 The long term objective of our research is to develop biocontrol strategies for 

management of lettuce drop caused by both Sclerotinia spp. in desert agroecosystems of 

Arizona and California.  The specific objective of this study was to evaluate different 

applications rates of Contans and also different field isolates of P.  polymyxa for 

increased efficacy against lettuce drop caused specifically by S. minor. 

MATERIALS AND METHODS 

 Field experiments were conducted at the University of California Desert 

Agricultural Research and Extension Center, Holtville, CA, in 2006-07 and 2007-08 and 

at the University of Arizona Yuma Agricultural Center, Yuma, AZ in 2007-2008 and 

2008-2009 to evaluate different application rates of Contans (Coniothyrium minitans) 

along with Paenibacillus polymyxa against lettuce drop caused by S. minor.  Experiment 
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was designed as a randomized complete block design with three blocks.  Sclerotia of S. 

minor produced in lab according to methods described by Matheron and Porchas (35) 

was used as disease inoculum for all trials.  Inoculum was applied on the top of each bed 

by hand immediately before planting and was lightly incorporated into the top centimeter 

of soil during seeding.  In California experiments, two level of sclerotia inoculum; 1.45 

and 14.5 g of sclerotia/40 m bed were used and in Arizona, three levels of sclerotia 

inoculum; 3.69, 7.25 and 14.5g /40 m bed were used to test the efficacy of different 

treatments under different disease pressures.  Blank treatments consisted of no inoculum 

and control treatments consisted of no treatment.  Crisphead (cv. Winterhaven) lettuce 

was used as the host and lettuce was planted on beds with 102 cm between bed centers 

and two rows of lettuce spaced 30 cm apart per bed.  Each treatment plot consisted of 

four 10 m beds. Within each plot, all beds received pathogen inoculum and/ or biocontrol 

or chemical applications, but only the center two beds were evaluated to fully separate 

the effect of each treatment.  Application rates tested for Contans (Coniothyrium 

minitans; Prophyta, Germany) in California experiments were 2.2 and 11 kg/ha and in 

Arizona were 4.4, 6.6, 8.8 and 11 kg/ha.  Contans was applied twice, once immediately 

after planting and once after thinning at approximately 4 weeks post-emergence.  

Paenibacillus polymyxa inoculum was prepared by collecting the log phase culture grown 

in L media ( tryptone 10 g, yeast extract 5 g, NaCl 5 g and  D-glucose 1 g /L of water) 

and was applied three times (at planting, at thinning, and at one month post-thinning) at 

the rate of 9.4 liters/ha with concentration of109 cfu/ml.  A chemical treatment consisting 

of two application of Endura (a.i = Boscolid) at 0.77 kg/ ha at thinning and at one month 



 

 

 

213 

post-thinning, was included for comparison as a chemical standard recommended in 

desert lettuce production. 

 Sprinkler irrigation was used for the duration of this experiment.  All other 

cultural practices standard for desert lettuce production in Arizona were applied for each 

trial including pre-plant applications of the herbicide Kerb (a.i. = pronamide; Dow 

AgroSciences, Indianapolis, IN), pre-plant and supplemental fertilization, and manual 

thinning and weeding as needed.  At plant maturity and harvest, the numbers of healthy, 

symptomless, lettuce plants from the center two beds were recorded and the incidence of 

lettuce drop was calculated based upon the number of healthy heads in blank plots.  

Statistical analysis:  Analysis of variance was performed on asymptomatic heads for 

each sclerotial inoculum separately using Sigmastat software package (Systat Software 

Inc., San Jose, CA, USA).  A χ2 test for homogeneity of variance for data from each year 

in each location was carried out to test whether the 2 years of data from Yuma and from 

Holtville experiments could be combined as single data sets.   

RESULTS 

California trials 

 The χ2 test for homogeneity of variance revealed that the data between the two 

years were significantly different and so the data sets were analyzed separately.  In 2006-

07, the incidence of lettuce drop in control plots with low and high inoculum levels were 

5% and 54%, respectively.  In experiment with low sclerotial inoculum, neither the 

application of biocontrol products nor the application of Endura resulted in a difference 

in lettuce drop incidence relative to the control plots (Fig. 1).  However, both two 
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applications of high rate of Contans and two application of Endura resulted in a lower 

incidence of disease (1% and 2%, respectively, compared to control plots, but were not 

significantly different (P>0.05).  In plots with high level of sclerotia inoculum, only two 

applications of the high rate of Contans resulted in significantly lower incidence of 

disease (18%) compared to control plots.  The incidence of disease in plots treated with 

either P. polymyxa-011, Contans (low rate), or Endura was neither significantly different 

from that of the control plots nor from that of plots which yielded significantly lower 

incidence of disease (Fig. 1).  Among the treatments, P. polymyxa-095 resulted in the 

highest incidence of disease (43%) but was not significantly different from the control 

plots (Fig. 1). 

 In 2007-08, the incidence of lettuce drop in control plots with low and high 

sclerotia inoculum was 2% and 23%, respectively, which were considerably lower than 

that of 2006-07 experiment.  With low inoculum levels, neither the application of 

biocontrol products nor the application of Endura resulted in a significant difference in 

lettuce drop incidence relative to the control plots (Fig. 2).  At high inoculums levels, 

plots treated with either rates of Contans (2.2 or 11 kg/ha) or Endura resulted in lowest 

disease incidence (12%, 12%, and 11%, respectively, compared to control plots, but these 

differences were not statistically significant.  In addition, there was no significant 

difference between the high and low rate of Contans at either low or high inoculums 

levels. 
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Arizona trials 

 The χ2 test for homogeneity of variance revealed that the data between the two 

years were not significantly different and so the data sets were combined and analyzed as 

one data set.  The disease incidence in the control plots containing low (3.69g 

sclerotia/40m bed), medium (7.25g sclerotia/40m bed), and high (14.5 g of sclerotia/40m 

bed) level of inoculum were 20%, 38%, and 53%, respectively (Fig 3).  In plots 

containing low level of inoculum, two applications of high rate of Contans (11 kg/ha) and 

two applications of Contans (4.4 kg/ha) combined with one application of Endura 

resulted in a significant less incidence of disease (2% and 3%, respectively, compared 

with the control plots and the incidence of luttce drop was almost equal to that of 

uninfested control (blank)  The incidence of disease from other treatments including 

fungicide Endura were not significantly different from either control plots or from the 

treatments that significantly increased the asymptomatic heads.  

 In plots containing medium level of sclerotia inoculum (7.25 g of sclerotia/40m 

bed), only the incidence of disease in 6.6 kg/ha Contans treatment was different from 

than that of control plots (Fig. 3).  The incidence of disease from plots treated with other 

rates of Contans  (4.4, 8.8,and 11 kg/ha) were 30%, 23%, and 22%, respectively which 

were not significantly different neither from that of control nor from that of plot treated 

with 6.6 kg/ha.  Both two applications of Endura alone and two applications of Contans 

(4.4 kg/ha) combined with one application of Endura were not significantly different 

from both control and from the treatment that yielded the highest incidence of disease.  

The incidence of disease in plots treated with P. polymyxa combined with Endura was 
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neither significantly different form that of control plots nor from that of plots that yielded 

significant decreases in the incidence of disease.  Plots treated with P. polymyxa alone 

yielded the highest incidence of disease (40%) but were not significantly different from 

control (Fig. 3). 

 In plots containing high level of sclerotial inoculum, two applications of the 

fungicide Endura yielded the lowest incidence of disease (22%) followed by high rates of  

Contans (26%) and Contans combined with Endura (28%) which were significantly 

different from the control (53%).  The incidence of disease from plots treated with P. 

polymyxa combined with one application of Endura was (33%) also significantly lower 

than that of control.  Plots treated with other rates of Contans (4.4, 6.6, and 8.8 kg/ha) 

were not significantly different from either control or from the treatments that 

significantly reduced the incidence of disease.  Treatment of P. polymyxa alone or 

combination with Contans did not significantly reduce the incidence of disease compared 

to control (Fig. 3). 

DISCUSSION 

 This study demonstrated that lettuce drop caused by S. minor could also be 

successfully managed with biocontrol agent Coniothyrium minitans in desert 

agroecosystem.  However, the rate of application of C. minitans required to manage S. 

minor was much higher than that required to control S. sclerotiorum (12) in the field.  At 

both locations, Contans applied at 11 kg/ha effectively suppressed S. minor when it was 

applied twice during the crop cycle: once at planting and once at thinning.  Although the 

same type of sclerotial inoculum was used in 2006-07 and 2007-08 in California 
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experiment, the disease incidence induced by S. minor in 2007-08 was three times lower 

than that of in 2006-07.  As the weather factors observed in 2007-08 at Imperial Co, were 

similar to that observed in 2006-07 (8), and the sclerotia inoculum used at Imperial Co, 

were also from the same sclerotia source at Yuma experiment in 2007-08, the effect of 

weather factor and efficiency of sclerotia inoculum for low disease incidence was 

discounted.  The difference was perhaps more likely due to poor field management 

(untimely irrigation and poor weeding etc.) which may have hindered both S. minor and 

C. minitans growth resulting low disease incidence and suboptimal disease suppression 

even with high rates of Contans. 

 The results from this study were consistent with the result from Chitrampalam et 

al (12) and reiterated that the recommended rate of Contans (2lb/acre) was insufficient to 

control lettuce drop caused by S. minor, but sufficient to control S. sclerotiorum.  The 

reason for the required higher level of Contans required to suppress S. minor could be due 

to a combination of poor survivability or infectivity of C. minitans in desert ecosystems 

at the time of planting, the reduced amount of exudates released from small size sclerotia 

that stimulate C. minitans spore germination, and/or a much greater number of sclerotia 

produced by S. minor compared to S. sclerotiorum.  Results from previous study showed 

that mycoparasitic activity of C. minitans was as high as 98 % at temperature ranging 

from 14 to 22 C and the activity decreased dramatically to 9 % at temperature > 28 C 

(39).  The average maximum air temperature in lettuce production areas in both Yuma 

and Imperial County during lettuce planting and at the time of first application of 

biocontrol was 26-27 C (2,8) which is comparatively higher than the temperature 
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favorable for C. minitans growth and sclerotial parasitism (43).  Thus, the higher 

temperature prevalent in lettuce production field at the time of application of biocontrol 

product might reduce survival and subsequent establishment of C. minitans population in 

the soil.  In addition, C. minitans cannot grow saprophytically in soil (52), thus, the 

attraction of C. minitans to sclerotia in soil mainly depends on the nutrients exuded from 

sclerotia (11,23) and to some extend soil water content and soil microfauna (44).  As S. 

minor produces small size sclerotia, the amount of nutrients exuded from these sclerotia 

are comparatively less than that from sclerotia of S. sclerotiorum which are much larger, 

eventually releasing more exudates.  Thus, the potential of C. minitans for effective 

attraction and parasitism of sclerotia of S. sclerotiorum using exudates may be high at the 

recommended rate of Contans (2.2 to 4.4 kg/acre), even upon exposure to high 

temperatures and low C. minitans survivability.  However, under the same condition, the 

potential for effective attraction and parasitism of sclerotia of S. minor may be greatly 

reduced.  Therefore, the increase of application rates of C. minitans (6.6 to 11 kg/acre) 

increased the number of surviving C. minitans and subsequently increased the chance of 

effectively parasitizing the increased number of small sclerotia of S. minor.  As the 

temperature at the time of planting is not favorable and the temperature at the time of 

thinning is favorable for C. minitans growth in lettuce production areas of Yuma and 

California, one application of high rate of Contans at the time of thinning may alone be 

sufficient to successfully manage lettuce drop caused by S. minor.  However, further 

studies would be needed to support these hypotheses.  Previous studies also showed that 

C. minitans could successfully parasitize the sclerotia of S. minor and subsequently 
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reduced the incidence of lettuce drop in lettuce and peanut under specific conditions so 

the potential for enhancing Contans performance in specific applications is quite possible. 

(19,31,41). 

 Recently, Endura has been recommended for the control of lettuce drop in S. 

minor and result from previous study revealed that it significantly improved lettuce drop 

control (37).  In this study, Endura served as a standard fungicide in experiment at both 

locations, however, the fungicide significantly suppressed the lettuce drop in only one 

location.  Reasons for the differential performance of Endura with different location may 

be related to the relative level of microbial community present in the soil at these two 

locations.  Results from previous study showed that soil microbial communities are 

capable of rapidly degrading fungicides and reducing their efficacy (38).  In addition, 

microbial degradation is often exacerbated by high soil pH > 6.5 which is common 

condition in desert production areas of AZ and CA (12).  

 Paenibacillus polymyxa is a common soil bacterium and enhances plant growth 

either indirectly by secreting diffusible metabolites, fixing atmospheric nitrogen, living as 

endophytes, and, most importantly, antagonizing deleterious plant pathogenby producing 

antifungal and antibacterial metabolites (49,16,3,13).  Although, both isolates of P.  

polymyxa successfully inhibited the growth of both Sclerotinia spp. in vitro (data not 

shown), they did not control S. minor under field conditions.  Reason for the 

ineffectiveness of P. polymyxa against S. minor in field condition is not known.  As both 

isolates of P. polymyxa grow well at 30C, the higher temperature prevalent in Yuma and 

CA at the time of lettuce production areas was not the reason for the ineffectiveness. 
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Since the soil microbial community at the experimental plot and also the survival of P. 

polymyxa after the application were not determined in this study, the impact of native soil 

microbial community on P. polymyxa survival and disease suppression can not be 

discounted.  In previous studies on bean, a strain of P. polymyxa isolated from the 

senescent blossoms of bean was shown to inhibit both mycelial and ascospore growth of 

S. sclerotiorum in vitro, but was ineffective in controlling white mold under field 

conditions.  It was presumed that this ineffectiveness was due to its inability to replace 

native epiphytic bacterial population and flourish as an epiphyte (56).   

 In summary, results from this study clearly demonstrated that management of 

lettuce drop caused by S. minor is possible using biocontrol agent Coniothyrium minitans, 

but requires different strategies than management of lettuce drop caused by S. 

sclerotiorum.  Additionally, the fungicide Endura was not consistently effective against S. 

minor. 
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Figure 1. Effect of different biocontrol products and Endura sprays on number of healthy 

lettuce heads at harvest in plots artificially infested with S. minor in 2006-07 experiment 

in Holtville, CA.  Columns with different letters are significantly different according to 

Tukey’s test (P <0.05). 
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Figure 2. Effect of different biocontrol products and Endura sprays on number of healthy 

lettuce heads at harvest in plots artificially infested with S. minor in 2007-08 experiment 

in Holtville, CA.  Columns with different letters are significantly different according to 

Tukey’s test (P <0.05). 
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Figure 3. Effect of different biocontrol products and Endura sprays on number of healthy 

lettuce heads at harvest in plots artificially infested with S. minor in two years experiment 

(2007-09) in Yuma, AZ.  Columns with different letters are significantly different 

according to Tukey’s test (P <0.05). 
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APPENDIX E 

BIOCHEMICAL CHARACTERIZATION OF INTERACTIONS BETWEEN 

Sclerotinia spp. AND Coniothyrium minitans DURING MYCOPARASITISM . 

Chitrampalam, P., and Pryor, B. M.  

Molecular Plant- Microbe Interaction 22: XXX-XXX 

ABSTRACT 

Exudates and lectins from sclerotia of Sclerotinia sclerotiorum and S. minor were studied 

regarding their interactions and effects on the spores of the mycoparasitic fungus 

Coniothyrium minitans.  In addition, the role of G proteins during mycoparasitism of 

Sclerotinia by C. minitans was also examined.  Exposure to crude sclerotial exudates 

resulted in C. minitans spore germination rates of 82% and 95% for S. sclerotiorum and 

S. minor exudates, respectively.  When exudates were fractionated into polar and non-

polar fractions, only polar fractions stimulated spore germination.  Percent spore 

germination using polar fractions from S. minor was significantly lower from that using 

crude exudates.  Neither pure water, PBS, nor extracts from soil stimulated spore 

germination suggesting that compounds that occur in sclerotia were required stimuli for 

successful germination.  Following germination, growth of C. minitans in culture towards 

exudates of either Sclerotinia spp. was significantly greater than in the opposite direction 

in plates containing either 0 or100 µM of the G-protein inhibitor suramin.  However, no 

significant difference in directional growth was observed in plates containing 300 µM 
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suramin, and the growth pattern was similar to that observed in control plates containing 

no stimulus and no suramin.  Crude protein extracts and purified lectins from sclerotia, as 

well as commercially available plant lectins were tested for interaction with C. minitans 

spores in agglutination assays.  Crude protein extracted from sclerotia of both Sclerotinia 

species induced agglutination, as did purified sclerotial lectins from S. sclerotiorum.  In 

addition, all plant lectins induced agglutination of spores as well.  However, the time 

required for agglutination varied among the plant lectins with ConA inducing 

agglutination faster than other lectins tested.  The application of lectins derived from 

plant or sclerotia had no effect on spore germination.  However when applied in the 

presences of sclerotial exudates, spore germination stimulated by sclerotial exudates of 

either Sclerotinia sp. was significantly inhibited in the presence of Con A but were 

unaffected by other plant lectins tested.   

INTRODUCTION 

Coniothyrium minitans is a mycoparasite of sclerotia-forming fungi such as 

Sclerotinia spp., Stromanita cepivora, and Botrytis cinerea and it is naturally distributed 

in almost all continents (20, 22, 29).  Because of its potential in the biological control of 

sclerotia-forming plant pathogenic fungi, the efficacy of C. minitans has been tested in 

several cropping systems under both greenhouse and field conditions (2, 5, 20, 27).  Early 

studies revealed that C. minitans was very effective in management of the diseases 

caused S. sclerotiorum, but was less effective against S. minor even though both fungi are 

closely related (2, 3, 5, 19,28).  Very dramatically, studies by Chitrampalam et al 
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revealed that C. minitans exhibited almost complete control of the disease lettuce drop 

caused by S. sclerotiorum in lettuce production fields of Arizona and California 

(reference).  However, C. minitans failed to exhibit any significant control of lettuce drop 

caused by S. minor in the same co-experiments.  The reasons for the markedly differential 

efficacy of C. minitans against the two Sclerotinia species are not known.   

Previous studies have revealed that sclerotial exudates of S. sclerotiorum 

stimulated the spore germination and increased the mycelial growth rate of C. minitans in 

vitro (6).  Interestingly, in in vitro studies C. minitans grew more rapidly towards 

autoclaved sclerotia than towards live sclerotia of S. sclerotiorum, presumably due to 

increase leakage of exudates from autoclaved sclerotia.  Moreover, the rate of stimulation 

increased with increasing amounts of exudate in the media (7).  However, there are no 

comparative studies on the stimulatory properties of sclerotia exudates of S. minor on C. 

minitans.  In addition, there is no information on the characteristics of the exudates or the 

specific sclerotial compounds that act as the primary stimuli, or if these components are 

differentially present between these two Sclerotinia species.  If available, this information 

might shed light on the differential efficacy of C. minitans towards these two Sclerotinia 

sp.  Furthermore, this information would be very helpful toward possible enhancement of 

parasitism of C. minitans against S. minor in various cropping systems.  

Other biochemical compounds thought to be important for successful parasitism 

are heterotrimeric G proteins.  These proteins, composed of α, β, and γ subunits, have 

been shown to be involved in a number of critical signaling pathways, and are important 

in determining the specificity and temporal characteristics of the cellular responses (8).  
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In fungi, G proteins play an important role during sexual and pathogenic development 

(16, 31).  For example, they have been shown to be important in the pheromone signaling 

cascade in Saccahromyces cereviceae (16).  In addition, mutations in the G protein Gα 

subunit affected the vegetative growth of the mycoparasite Trichoderma atroviride and 

also the recognition of its host fungi such as Rhizoctonia solani, B. cinerea, and S. 

sclerotiorum (22, 31).  That study revealed the importance of G proteins in successful 

mycoparasitism and suggested their importance in the biocontrol of Sclerotinia spp. by C. 

minitans as well. 

 Coniothyrium minitans has been shown to attack only the sclerotia of some 

ascomycetous fungi including S. sclerotiorum, S. minor, S. trifoliorum and Stromanita 

cepivora (28) but not the sclerotia of any of basidiomycetous fungi (29).  The reasons for 

the selective nature of C. minitans on sclerotia of Ascomycetes are not known.  However, 

it has been suggested that differential production of specific fungal lectins might be 

responsible for the observed specificity of C. minitans parasitism.   Lectins are proteins 

with multiple binding sites specific for sugars and/or compounds presenting sugar 

moieties, and therefore can directly interact with cells and substrates that have specific 

sugar residues on their surface (21).  Such lectin/carbohydrate interactions in parasitic 

encounters lead to irreversible adhesion of parasite onto its host (19).  For example, the 

adhesion of vertebrate fungal pathogens Candida albicans and Cryptococcus neoformans 

to their mammalian host cells is mainly mediated through lectin and lectin-like entities 

such as glycoshingolipids and lactosylaceramides present on the mammalian cell lines 

(14).  Moreover, it has been shown that there are remarkable differences in glycosyl 
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residues in the cell wall between the host and non-host.  Striking differences have also 

been noted between compatible and incompatible hosts of the biotrophic fungi 

Piptocephalis virginiana as well (18).  The presence of these glyscosyl residues in these 

different hosts and their specific interaction with specific lectins in the fungal parasite are 

specific determinants for adhesion of fungal cells to their host (17). 

 In biocontrol applications, lectins have been shown to be important in the 

parasitism by the mycoparasites Trichoderma spp. in recognizing fungal hosts such as 

Sclerotium rolfsii and Rhizoctonia solani (1,9,10).  The parasitic ability of different 

species of Trichoderma on S. rolfsii differs significantly and these differences are 

correlated with the agglutination rate of their spores with the lectins from S. rolfsii (1).  

Similarly, study by Smith et al (25) showed that both spores and germinated spores of C. 

minitans have sugars specific to lectins that interact with plant lectins such as 

Concanavallin A (Jack Bean), soybean agglutinin, and wheat germ agglutinin with 

different avidity.  That study clearly showed that there is an active interaction between 

the sugars of C. minitans and lectins (25).  However, there is no information available on 

the possible role of this lectin-carbohydrate interaction in the mycoparasite C. minitans 

during parasitism on Sclerotinia app.  More recently, it has been shown that S. 

sclerotiorum produces a represents a novel family of fungal lectin, S. sclerotiorum 

agglutinin (SSA), and that orthologues of SSA are common within the family of 

Sclerotiniaceae but not in any other fungal species (26).  Therefore, one can reasonably 

hypothesize that SSA-type lectins confined in the sclerotia of Sclerotinia spp. and related 

taxa could be the reason for the selective nature of C. minitans towards these fungi. 



 

 

 

234 

  The long term objective of this study is to characterize the interactions between 

the C. minitans and Sclerotinia spp. at the biochemical level, which might assist in the 

optimization of this biocontrol fungus for improved management of Sclerotinia disease 

under field conditions.   The specific objectives are to examine sclerotial exudates of S. 

sclerotiorum and S. minor and determine if the compound(s) that act as primary stimuli 

for C. minitans germination are differentially present, to examine the role of G proteins 

during the directional growth of C. minitans towards the sclerotial exudates of Sclerotinia 

spp., and to determine the possible role of lectin-carbohydrate interaction in C. minitans 

adherence to and subsequent parasitism of Sclerotinia spp. 

MATERIALS AND METHODS 

Preparation of C. minitans spore suspensions 

 Coniothyrium minitans (BMP 0959) spores were obtained from 15-20 day-old 

cultures on potato dextrose agar (PDA, Difco, Becton, Dicson and company, MD) by 

washing the agar surface with 5 ml of sterilized water and collecting the resulting spore 

suspensions.  The spore suspensions were washed three times by successive 

centrifugation at 3500 rpm for 10 min followed by decantation of supernatant and the 

resuspension of spore pellet in 5 ml of sterile water to remove the sugars from the media 

and any potential inhibitors.  These final spore pellets were resuspended in water and the 

spore concentration adjusted to105 spores /ml for use in subsequent experiments. 

Preparation of sclerotial exudates and soil extracts. 

 Sclerotia were collected from 15-20 day-old PDA cultures of Sclerotinia spp. and 

dried in a laminar flow hood for 2-3 days.  The sclerotia were then soaked in sterilized 
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water for an hour (1g/10ml H2O) to release exudates.  The resulting solution containing 

exudates were then passed through 0.2um filter to remove the hyphal fragments and 

stored at -20 C until further use.  A portion of sclerotial exudates were further 

fractionated into polar and non-polar fractions by mixing 10 ml of sclerotial exudates 

with 20 ml of ethyl acetate in a separatory flask and shaking vigorously for 1 minute.  

Following phase separation, both the aqueous phase and the organic phases were 

collected separately.  The ethyl acetate fractions were subsequently dried and 

resuspended in dimethyl sulfoxide (DMSO).  These two fractions were used in spore 

germination assay to check their stimulatory property on C. minitans. 

Soils for exudates preparation were collected from lettuce production fields in 

Yuma, AZ, and tested for the presence of any naturally occurring compounds in soil for 

stimulatory effects on C. minitans spore germination. To obtain soil extracts, 20g of soil 

was added to 15 ml of sterilized water and mixed well.  After 30 minutes, the extracts 

were collected in sterilized tube, filtered as described above, and stored at -20 C until 

further use.   

Plant lectins and lectin extraction from Sclerotinia 

 Concanavalin A (Con A), wheat germ agglutinin (WGA) and soybean agglutinin 

were obtained from Sigma Chemicals (Sigma-Aldrich, St. Louis, MO).  Lectins solutions 

were prepared in phosphate buffered saline (PBS), pH 7 at a concentration of 1 mg/ml.  

 Sclerotia collected from 15-20 days old PDA cultures were lyophilized and 

powdered with liquid nitrogen.  The powder was suspended in 25 X volume (w/v) of PBS 

and extracted for 1 hr at room temperature with frequent stirring.  The solution was 
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centrifuged at 6000 rpm for 10 min and the supernatant was collected in a separate tube.  

The pH of the supernatant was adjusted to 4.0 with 1 M acetic acid and centrifuged once 

again at 6000 rpm for 10 min.  The supernatant was filtered through 3MM Whatman 

filter paper.  The pH of the final filtrate was adjusted to 7.0 with 1M NaOH and loaded 

on prepared Gal-sepharose 4B columns. 

 To prepare the columns, 10 ml of speharose 4B (Sigma Chemicals) was 

transferred to a prepared column (Whatman filter paper 3MM placed at the bottom of a 

20 ml syringe) and washed with at least 10 X volume of de-ionized water and 2 X 

volume of 0.5 M Na2CO3 (pH 11).  The sepharose 4B was transferred into a 250 ml flask 

and equilibrated with 0.5 M Na2CO3.  and 1 ml of divinylsulfone was added drop–wise, 

shaken for 15 min, and incubated at room temperature for 3 h with occasional stirring.  

The activated sepharose 4B was washed with 10 X volume of water and 2 X volume of 

0.5M NaHCO3 (pH 10).  The activated sepharose was then mixed with equal volume of 

10% galactose prepared in 0.5M NaHCO3 and incubated at 37 C for 24 hrs on a shaker.  

The Gal-bound sepharose 4B was washed with 10 X volume of NaHCO3.  It was then 

mixed with 10 ml of NaHCO3 containing 1ml of ethanolamine and incubated at room 

temperature for 2 hr to block the remaining active groups in sepharose.  The Gal-

sepharose 4B gel was then extensively washed with 1M Nacl and water. 

 The total proteins extracted form sclerotia was loaded onto the Gal-sepharose 4B 

column pre equilibrated with PBS.  Unbound proteins were eluted with PBS until the 

A280 of the elute fell below 0.01.  The lectin was then desorbed with 0.1M galactose in 
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PBS and dialyzed over night against 25 mM sodium formate buffer (pH 4.0).  SDS gel 

electrophoresis was performed to confirm the recovery of protein. 

Spore germination assay 

 Spore germination assay was performed in cavity microscopic slides.  Thirty µl of 

spore suspension was mixed with 30 µl of each fraction separately in a cavity 

microscopic slide and placed in a Petri plate containing moistened filter paper.  These 

slides were incubated at 20 C for 48 hrs.  The percent spore germination was calculated 

by counting number of germinated spores in 100 spores at three different random fields 

of view under 10 X magnification.  A total of 300 spores were counted for germination in 

each replicate and the percent germination was calculated by the average of these 

replicates.  Spores mixed with sclerotial exudates of either S. sclerotiorum or S. minor 

served as positive control and spores mixed with DMSO or water served as a negative 

controls.  The experiment was replicated three times and repeated twice. 

 The possible effect of lectin on C. minitans spore germination was also tested by 

incubating the spores with sclerotial exudates of S. sclerotiorum and S. minor in the 

presence of different lectins.  The observations were made as mentioned above.  

Directional growth assay 

 The G protein inhibitor suramin (Sigma Chemicals) was prepared in two 

concentrations (100 and 300 µM) in sterilized water.  Approximately 17 ml of the two 

concentrations of suramin solution was mixed with 500 ml of cooled 2% water agar 

(WA) and poured into separate Petri plates (30 ml/plate).  Thus, each Petri plate 

contained approximately one ml of either 100 or 300 µM suramin solution.  Once the 
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agar was solidified, a strip of WA (2.5 X 1 cm) was removed from one side of the plate 

approximately 2.5 cm away from the mycelial plug and the cavity filled either with WA 

(control) or WA containing exudates of either S. sclerotiorum or S. minor (each strip 

contain 600µl of exudates).  A mycelial plug obtained from 5-6 day-old C. minitans 

culture on PDA was placed in the center of 2% WA plates containing different 

concentration of suramin (0, 100, and 300 µM).  The plates were incubated at 20 C for 10 

d.  Growth of C. minitans towards and opposite to the stimulus were measured and 

compared.  The experiments were performed in triplicate and repeated twice. 

Agglutination assay 

 Agglutination assays were also performed in cavity microscopic slide.  Thirty ml 

of spore suspension was mixed thoroughly with 30 ml of different lectins separately in a 

cavity microscopic slide.  These slides were placed individually in a Petri plate 

containing moistened filter paper.  These plates were incubate at room temperature and 

observed under microscope at regular intervals for agglutination.  Spores mixed with PBS 

or water served as negative controls.  The experiment was replicated three times and 

repeated two times. Total proteins and lectins extracted from sclerotia of both Sclerotinia 

sp. were also tested for their agglutination property as described above. 

RESULTS  

Spore germination assays 

 Sclerotial exudates of both S. sclerotiorum and S. minor stimulated C. minitans 

spore germination (Table 1).  The percent of spore germination with S. minor exudates 

was significantly higher (95 %) than that with S. sclerotiorum (82%).  Only the polar 
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fractions from the sclerotial exudates of either Sclerotinia species induced spore 

germination (Table 1; Fig 1).  The percent spore germination with polar fractions of S. 

sclerotiorum exudates (80%) was not significantly different from that of with raw 

sclerotial exudates (82%).  However, the percent spore germination with polar fractions 

of S. minor exudates (86%) was significantly lower from that with raw exudates (95%).  

C. minitans spores did not germinate either in the water or DMSO (Fig 1).  Interestingly, 

soil fractions also did not induce spore germination (Table 1).  

 The percent spore germination with crude exudates of either Sclerotinia species in 

the presence of soybean, wheat germ agglutinin and horse gram lectin were not 

significantly different from that with raw exudates alone (Table 2 and 3 ).  However, the 

percent spore germination with sclerotial exudates of either Sclerotinia species 

significantly decreased in the presence of Con A (Fig. 2 and 3 ) and was 21 and 3.1 % for 

sclerotial exudates of S. sclerotiorum and S. minor, respectively (Table 2 and 3).  Spores 

mixed with either any of the lectins or PBS alone did not germinate (Table 2 and 3). 

Lectin from sclerotia of both S. sclerotiorum and S. minor was successfully purified (Fig. 

1) and tested for impact on spore germination.  Unexpectedly, in the presence of purified 

lectins from either Sclerotinia species, C. minitans spores did germinate after 48 hrs of 

incubation in contrast with effects from plant lectins (data not shown). 

Directional growth assays 

 Mycelilal growth of C. minitans towards the sclerotial exudates of both 

Sclerotinia sp was significantly higher (2.1 and 2.6 cm for S. sclerotiorum and S. minor, 

respectively) than the opposite direction (1.2 and 1.1 cm for S. sclerotiorum and S. minor, 
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respectively) (Table 5; Fig. 7 and 8).  Similarly, in plates containing 100 µM suramin, the 

mycelilal growth towards stimulus from both Sclerotinia sp. was significantly higher than 

the opposite direction.  However, there was no significant difference between the 

mycelial growth towards and opposite to stimulus in plates containing 300 µM suramin, 

and the growth pattern was similar to that in control plates containing no stimulus and 

suramin (Table 5).  There was no significant difference between the growth in plates 

containing WA mixed with 0, 100, or 300 µM suramin without exudates (Table 5, Fig. 

6). 

Agglutination assay 

Coniothyrium minitans spores revealed agglutination when mixed with all plant 

lectins tested, however, the incubation times required for agglutination varied among the 

different lectins (Fig. 3; Table 4).  Con A induced agglutination within one hour of 

incubation, whereas both soybean agglutinin and wheat germ agglutinin required 6 hrs of 

incubation to induce agglutination (Table 4).  Agglutination with horse gram lectin was 

observed only after 24 hrs of incubation.  No agglutination of spores was observed in 

control where spores were incubated with PBS (Table 4).  In addition, the total crude 

protein extracted from sclerotia of both Sclerotinia spp was also tested for agglutination 

prior to lectin purification.  The total crude protein of both Sclerotinia spp. induced 

agglutination after 12 hrs of incubation (Fig. 3).  The lectin purified from S. sclerotiorum 

also induced agglutination after 12 hrs of incubation, however, the agglutination was not 

as dramatic as with commercial lectin or with total protein (Fig. 3).  Unexpectedly, the 

lectin isolated from S. minor did not induce any agglutination. 
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DISCUSSION 

 This study clearly demonstrated that sclerotial exudates of both Sclerotinia spp. 

are capable of stimulating C. minitans spore germination although stimulation was 

greater with S. minor exudates.  The reason for the higher percent spore germination of C. 

minitans with S. minor exudates than with S. sclerotiorum exudates is interesting, but 

may be due to the experimental set up.  In this study, 1 g of sclerotia from each 

Sclerotinia sp. was used to prepare sclerotial exudates.  As the sclerotia of S. minor are 

less than 1/10 the size of those from S. sclerotiorum (30), the number of sclerotia in 1 g 

of S. minor is much higher than that in 1 g of sclerotia of  S. sclerotiorum with a 

correspondingly greater amount of surface area as well.  Following extraction over a 

fixed time period, the amount of exudates released would likely be much higher.  For this 

reason, comparing the stimulatory effect of sclerotial exudates from known number of 

sclerotia of both Sclerotinia sp. would perhaps be more appropriate than using the weight 

quantity of sclerotia.   

This study also revealed that the only polar compounds in exudates necessary to 

stimulate C. minitans spore germination and these polar compounds are present in both 

Sclerotinia spp.  Results from previous study (7) showed that sclerotial exudates from S. 

sclerotiorum contain primarily amino acids, protein, and carbohydrates and most of these 

are polar in nature.  Thus, the stimulatory effect of sclerotial exudates on C. minitans is 

likely due to the presence of these abundant polar compounds rather than the any rare 

non-polar secondary metabolites.  Altogether, this study suggests the reason for the 

effectiveness of biocontrol fungus against S. sclerotiorum and ineffectiveness against S. 
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minor is likely not due to the differences in quality of sclerotial exudates of these two 

Sclerotinia spp., but may be due to the differences in exudates quantity.  Interestingly, 

soil fractions did not induce spore germination, which indicates that germination of C. 

minitans spores mainly depends on the nutrients exudes from sclerotia of host fungi.  

Results from directional growth assay also revealed that sclerotial exudates of 

both Sclerotinia spp. attracted the hyphal growth of C. minitans and both might release 

similar kinds of stimuli.  This is consistent with results from previous study by Grendene 

and Marciano (7) which also showed that the mycelial growth of C. minitans toward the 

exudates of S. Sclerotiorum was higher than that in the opposite direction.  The results of 

G protein inhibition studies reported in this work revealed that G proteins likely play a 

role in directional growth of C. minitans towards the sclerotia of both Sclerotinia spp.  

This is consistent with results from previous study which revealed that G protein plays an 

important role in sensing carbon source during conidial germination in Aspergillus 

nidulans and Botrytis cinerea (4).  In similar studies, mutants of A. nidualans defective in 

Gα subunit were unable to germinate in the presence of nutrients such as galactose and 

fructose (15).  Although the directional growth study using G protein inhibitor in this 

work revealed the role of G protein in sensing sclerotial stimulus at distance by C. 

minitans, more study involving G protein mutants and re-testing the directional growth is 

still needed to support these conclusions.  

 Agglutination assay revealed that C. minitans spore wall surface contain sugar 

moieties specific to all lectins tested and they readily interacted with them.  However, the 

relatively short time required for the agglutination of spores with Con A suggests that  
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spore walls of C. minitans have greater mannose residues than other sugar residues 

specific to the other lectins tested.  This result is consistent with the results from the study 

by Smith et al (25) which revealed that spore walls of C. minitans bound more readily  to 

FITC conjugated Con A than WGA or SBA.  However, even though C. minitans rapidly 

interacted with Con A and induced agglutination faster than other lectins tested, the 

agglutination mediated by Con A is inhibitory to spore germination.  One of the proposed 

roles of lectin in plants is the protection against fungi and herbivores (21).  It has been 

shown that mannose-binding lectins play an important role in the first-line defense 

against Candida albicans in mammal by inducing agglutination of C. albicans spores 

resulting in activation of lectin mediated pathways leading to inhibition of fungal growth 

(13).  However, the present study used the purified mannose-binding lectin (Con A) 

rather than a system containing naturally produced mannose-binding lectins.  Thus, the 

inhibition of spore germination observed with Con A in this study could be due to the 

direct toxicity of lectin binding on the spore surface.  This toxicity has been previously 

reported as it has been shown that some lectins such as hevein, found in the latex of the 

rubber tree, bind to N-acetyl glucosomine, a polymer of chitin, in fungi and cross links 

the chitin preventing cell expansion at the tip of growing hyphae (21). It is also possible 

that Con A also crosslinks the mannose sugars on the surface of C. minitans and 

eventually blocks the process of spore germination.  Although chitin is the major 

component of fungal cell wall and the wheat germ agglutinin binds with N-

acteyglucosamine, a polymer of chitin, WGA did not inhibit the spore germination.  It is 

consistent with the results from Schlumbaum et al (24) which revealed that WGA did not 
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inhibit spore germination and hyphal growth of Trichoderma.  Together, these results 

revealed that although all the lectins tested in this study interacted with C. minitans 

spores and induced agglutination, each interaction exerted different effects.   

The observed low to no agglutination and stimulation of germination of C. 

minitans spores with lectin purified from Sclerotinia spp. could be due to the 

experimental procedure used to purify lectins rather than the lack of agglutination 

inducing property of these lectins.  Galactose, a sugar specific to Sclerotinia lectin, was 

used to elute sclerotial lectin bound in Gal-speharose 4B column and the eluted lectin was 

dialyzed in sodium formate buffer.  However, even after overnight dialysis, galactose 

may not have separated from the lectin.  In this case, there would be little free sugar 

binding domains available in the galactose eluted sclerotial lectin to interact with C. 

minitans spore resulting in no agglutination.  The observed induction of spore 

germination with sclerotial lectin could also be possibly due to the presence of galactose 

rather than lectin by itself.  Thus, in future studies the use of an elution buffer other than 

galactose to elute sclerotial lectins or the use of a different dialysis buffer would be more 

appropriate. 

 Results from previous study showed that lectin binding  during Trichoderma 

parasitism induced at least one of the primary fungal pathogenicity genes (9). However, 

in the present study, some commercially available lectins actually inhibited the 

germination of C. minitans spores and thus, would restrict pathogenisis.  Further testing 

of the effects specifically of Sclerotinia lectin on C. minitans spore germination and 

agglutination and also on the expression of pathogenicity genes such as chitinase and 
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glucanase in C. minitans would be very critical in elucidating the molecular interaction 

between C. minitans and Sclerotinia spp. during pathogenisis.  These studies are ongoing 

using techniques of RT-PCR to quantify gene expression in C. minitans, but as to date the 

data is inconclusive. 

  In summary, this study revealed that exudates from both S. sclerotiorum 

and S. minor stimulated C. minitans spore germination equally well, and that the 

stimulation is attributed only to the polar compounds. Thus, the inefficacy of C. minitans 

against S. minor in field conditions is likely due to the differences in the quantity of 

sclerotial exudates, not the quality.  This study also revealed the involvement of G protein 

during directional growth of C. minitans towards the Sclerotinia stimulus, although the 

mechanisms behind this observed effect have not been elucidated.  In addition, it also 

revealed that C. minitans readily interacted with different plant and Sclerotinia lectins 

and the lectin-carbohydrate interaction could either have positive or negative effect on 

biocontrol fungus.  Together, these findings provide critical insight into the biochemical 

interactions between C. minitans and its hosts, Sclerotinia spp., and may assist in future 

optimization of a comprehensive biocontrol strategy for the control of lettuce drop in 

desert agroecosystems and elsewhere. 
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Table 1. Percent spore germination of C. minitans in the presence of different fractions of 

sclerotia from Sclerotinia spp. 

Percent of spore germination* 

S. sclerotiorum S. minor Control Soil 
extract 

Raw Polar Non 
polar 

Raw Polar Non 
polar 

water DMSO 

82b 80b 0 95a 86b 0 0 0 0 

* Values are the average of three replications 
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Table 2. Percent spore germination of C. minitans in sclerotial exudates of Sclerotinia 

sclerotiorum in the presence and absence of lectins. 

Treatments Percent spore germination* 

Spores + sclerotial exudates + ConA 21c 

Spores + sclerotial exudates + SSA 72.1ab 

Spores + sclerotial exudates + WGA 86a 

Spores + sclerotial exudates + Horse gram 87a 

Spores + sclerotial exudates + Coral tree 69b 

Controls  

Spores + SS exudates  82a 

Spores + lectins 0 

Spores + PBS 0 

* Average of three replications and two repetitions, ConA-Concanavalin A, SSA-soybean 

agglutinin, WGA-wheat germ agglutinin 

Columns with different letters are significantly different according to Tukey test (P<0.05) 

based on the F test in analysis of variance. 
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Table 3. Percent spore germination of C. minitans in sclerotial exudates of Sclerotinia 

minor in the presence and absence of lectins. 

Treatments Percent spore germination* 

Spores + sclerotial exudates + ConA 3.1b 

Spores + sclerotial exudates + SSA 93.2a 

Spores + sclerotial exudates + WGA 95.0a 

Spores + sclerotial exudates + Horse gram 94.0a 

Spores + sclerotial exudates + Coral tree 97.0a 

Controls  

Spores + SM exudates  95.0a 

Spores + lectins 0 

Spores + PBS 0 

 * Average of three replications and two repetitions, ConA-Concanavalin A, SSA-

soybean agglutinin, WGA-wheatgerm agglutinin.  Columns with different letters are 

significantly different according to Tukey test (P<0.05) based on the F test in analysis of 

variance. 
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Table 4. Agglutination efficiency of C. minitans spores with different lectins. 

Lectins Time required for agglutination (hrs) 

Concanavalin A 1 

Soybean agglutinin 6 

Wheat germ agglutinin 6 

Horse gram lectin 24 

Total crude protein (S. sclerotiorum) 12 

Total crude protein (S. minor) 12 

S. sclerotiorum lectin 12 * 

S. minor lectin - 

PBS (control) No agglutination 

* Agglutination was not dramatic, - = no agglutination 
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Table 5. Mycelial growths of C. minitans in response to sclerotial exudates of Sclerotinia 

sp. in the presence of different concentration of the G protein inhibitor suramin. 

 

Treatments 

C. minitans mycelial growth(cm)Z 

Control 100µM suramin 300µM suramin 

 Towards Opposite Towards Opposite Towards Opposite 

S. sclerotiorum 2.1a 1.23b 2.03a 1.2b 0.97b 0.87b 

S. minor 2.63a 1.07b 2.37a 0.8b 1.4b 0.97b 

Control(2%WA) 1.03b 1.03b 0.9b 1b 0.97b 0.87b 

ZAverage of three replications, Columns with different letters are significantly different 

according to Tukey test (P<0.05) based on the F test in analysis of variance. 
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Figure 1. Germination of C. minitans spore in the presence of, crude, non polar and polar 
fractions of sclerotial exudates of S. sclerotiorum (SS) and S. minor (SM). 
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               Soil extracts                                                        DMSO 

 

SS- S.sclerotiorum, SM- S. minor, DMSO- Dimethyl sulfoxide 
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Figure 2.  Germination of C. minitans spores in sclerotial exudates of S. sclerotiorum in 
the presence of different lectins. 
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Figure 3. Germination of C. minitans spores in sclerotial exudates of S. minor in the 
presence of different lectins. 
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Figure 4.  Total protein and lectin purified from sclerotia of S. sclerotiorum and S. minor 

on SDS gel. 1. =ladder, 2,3=total protein from S. sclerotiorum, 4=total protein from S. 

minor, 5=lectin from S. sclerotiorum, 6=lectin from S. minor. 
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Figure 5. Agglutination response of C. minitans spores to different lectins. 
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  SS-lectin            SM-crude protein 

SS- S. sclerotiorum, SM- S. minor 
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Figure 6. Growth of C. minitans in 2% WA in the presence of different concentration of 

suramin. 
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Figure 7. Directional growth of C. minitans towards sclerotial exudates of S. sclerotiorum 

in the presence of different concentration of suramin. 
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Figure 8. Directional growth of C. minitans towards sclerotial exudates of S. minor in the 

presence of different concentration of suramin. 
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