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PREFACE 

This study evaluated the efficacy of delivering a 

biological control agent, Trichoderma harzianum, in a fluid 

drilling system. After isolating and identifying a native 

T. harzianum which was antagonistic to Rhizoctonia solani, 

the antagonist was evaluated for its ability to control 

damping-off of chile peppers. 
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CHAPTER I 

INTRODUCTION 

Research involving biological control of soilborne 

plant pathogens has received much attention during the past 

ten years. Most current research utilizes the genus 

Trichoderma (form-class Deuteromycetes) which is a common 

soil-inhibiting saprophyte. 

In 1972, Wells et al. (63) found Trichoderma harzianum 

Rifai present in sclerotia of Sclerotium rolfsii Sacc. and 

used this isolate to reduce S. rolfsii damage in tomatoes in 

greenhouse and field studies. Others isolated additional 

strains of T. harzianum from soil which were antagonistic to 

~. rolfsii and Rhizoctonia solani Kuhn (15,30,33,38). 

Although T. harzianum is a potential biological control 

agent under experimental conditions, there are problems 

associated with its commercial use. A variety of carriers 

have been developed for delivering the biocontrol agent to 

soil, but all are commercially impractical because of 

excessive amounts of carrier required for application 

(3,38,63). However, findings by Harman et al (40,41) using 

f. hamatum (Bon.) Bain as a seed treatment may eliminate 

this problem. They also found that T. hamatum was a 

superior antagonist compared tor. harzianum for control of 
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disease caused by Pythium spp. and R. solani. 

Another area of investigation is the application of 

fluid drilling or gel seeding technology to biological 

control problems. This technique involves the addition of 

germinated seeds to a gel carrier with subsequent extrusion 

into soil. The major advantage of sowing germinated seed 

compared to dry seed is earlier and more uniform emergence 

(21). The gel protects the exposed radical from mechanical 

damage ·and also provides the growing seedling with an 

initial water source. Unfortunately, the gel tends to 

attract microorganisms, including soilborne pathogens, which 

may result in an increased incidence of disease. Conway et 

al. (19) have used fungicides as adjuvants to the gel matrix 

to decrease damping-off disease caused by R. solani in chile 

peppers. Likewise, Ohep et al. (47) have added fungicides 

to gel to control Pythium aphanidermatum in tomatoes, and 

Entwistle (33) added ipridione to control white rot in 

onions. Fluid drilling offers what seems to be an ideal 

system for delivery of a biological control agent such as 

Trichoderma for control of soilborne disease problems. 

Thus, this research had three major objectives: 1) 

Isolate and identify a strain of Trichoderma which was 

antagonistic to a pathogenic isolate of Rhizoctonia solani; 

2) Study the efficacy of delivering the antagonist in a 

fluid drilling system in a controlled environment and in the 

field; and 3)Determine populations of the pathogen and the 

antagonist over time in a field situation. 



CHAPTER II 

REVIEW OF THE LITERATURE 

Fluid Drilling 

Fluid drilling is a technique in which germinated seeds 

are suspended in a gel matrix and then extruded into the 

soil. The system, also known as gel seeding, was originally 

developed in England by Elliott (32) for reseeding 

grasslands. Research in fluid drilling has continued in 

England, with most of the work being done at the National 

Research Station in Wellsbourne (12,23,36,56). Interest in 

fluid drilling in the United States has continued to grow as 

evidenced by increased horticultural research and greater 

commercial acceptance (34,59). At present large commercial 

acreages of tomatoes are being fluid drilled in Florida. 

The major advantages of using germinated seeds compared to 

dry seeds are earlier and more uniform emergence (21). 

Examining the procedure in more detail, seeds are 

germinated in temperature controlled, aerated water to 

encourage uniform development of the embryo. Controlling 

the temperature of germination allows some flexibility in 

soil temperature for planting. As an example, tomato seeds 

require a high germination temperature, but can grow once 
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germinated at a lower temperature (12). After the radicals 

emerge, germinated seeds can be hand-separated from non­

germinated seeds, if working on a small scale. In bulk 

quantities, germinated seed can be separated from non­

germinated seed based on their different relative densities 

(60). 
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Drilling of the seeding gel can be done in a variety of 

ways. For small plantings, a plastic bag with the corner 

clipped off is used to extrude the gel. Additionally, 

caulking guns and hand pushed gear-driven seeders can be 

used in small plots. On a commercial scale, tractor mounted 

extrusion drills are used to pump the gel into the soil. 

The Antagonist 

The genus Trichoderma is a common soil fungus rarely 

known to cause plant disease. When cited as a plant 

pathogen it has only been associated with storage diseases 

(20). 

Trichoderma, form-class Deuteromycetes, is the 

imperfect state of the teleomorph Hypocrea. The fungus is a 

fast grower initially appearing hyaline. Microscopically 

one of its most distinguishing features is the presence of 

flask shaped phialides occurring at right angles to the 

conidiophores. Conidia are borne on the phialides and may 

be either hyaline or more commonly green. The conidia en 

masse are what give Trichoderma its typical green appearance 

when viewed macroscopically. 
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The first key to this group of fungi was developed by 

Gilman and Abbott (35) in 1927. This was the only key 

available until 1969 when Rifai (54) published his mono-

graph. He distinguished nine different species based 

primarily on microscopic characteristics. Although Rifai's 

work is still considered the authoritative source on 

Trichoderma, a slightly expanded version was published by 

Domsch, Garns, and Anderson (25) in 1982. Included in this 

key are two additional species not previously differentiated 

by Rifai. 

The Pathogen 

Rhizoctonia solani is a ubiquitous fungus that causes 

many diseases on a wide variety of hosts. Diseases caused 

by this pathogen include root rots, stem cankers, fruit 

decay, foliage diseases, and damping off. Pre- and 

post-emergence damping-off are common diseases affecting 

many types of seedlings. Damping-off is a rotting of 

seedlings at or below the soil line. Pre-emergence 

damping-off occurs when a young plant is killed before it 

emerges from the soil. In contrast, post-emergence 

damping-off occurs when a seedling is attacked near the soil 
I 

line after emergence, resulting in death and collapse. 

Rhizoctonia solani is the imperfect state of the 

basidiomycete Thanatephorus cucumeris (Frank) Donk. 

Rhizoctonia solani is classified in the form-order 

Agonomycetales (often referred to as Mycelia Sterilia) which 
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is in the form-class Deuteromycetes (1). Over the years, 

the taxonomy and identification off. solani has been 

confusing because the fungus produces no conidia. Short of 

inducing the perfect state, the fungus must be identified by 

its hyphal characteristics alone. In 1970 Parmeter and 

Whitney (53) published a summary of characteristics which 

they felt gave the greatest accuracy in identification of R. 

solani and would exclude many similar fungi. 

Characteristics consistently present: 

1. Multinucleate cells in young vegetative hyphae 

2. Prominent septal pore apparatus (dolipore septum) 

3. Branching near the distal septum of cells in young 

vegetative hyphae. 

4. Constriction of the branch and formation of a septum in 

the branch near the point of origin. 

S. Some shade of brown. 

Characteristics usually present: 

1. Monilioid cells (swollen hyphal cells) 

2. Sclerotia (without differentiated rind and medulla) 

3. Hyphae greater than 5 µmin diameter 

4. Rapid growth rate 

S. Pathogenicity 

Characteristics never possessed: 

1. Clamp connections 

2. Conidia 

3. Sclerotia differentiated into a rind and medulla 

4. Rhizomorphs 



5. Red, green, blue, bright yellow, orange, or other 

pigments, except brown. 

6. Any perfect state other than f. cucumeris 
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Historically, anastomoses grouping has been used as a 

criterion for mating group identification (53). This 

technique involves hyphal contact between a known isolate of 

R. solani and an isolate suspected of being R. solani. 

Hyphal fusion of the two isolates gives a definitive 

identification of R. solani, and places it into one of five 

subgroups. Unfortunately, failure to anastomose (or fuse) 

is not an adequate basis for excluding the isolate from 

truly being~. solani. Thus, while positive anastamoses 

gives definitive proof of species identification, lack of 

fusion is at best inconclusive. 

The Use of Trichoderma as a Biocontrol 

Agent of Rhizoctonia solani 

The earliest reference to the use of Trichoderma as a 

biocontrol agent was in 1932 by Weindling (62). He observed 

that Trichoderma lignorum (Tode) Harz was capable of 

parasitizing a strain of R. solani, a pathogen known to 

cause damping-off of citrus seedlings. He suggested the 

addition of the f. lignorum as a protective action during 

the period in which the citrus seedlings were most 

susceptible to damping-off. In 1935, Allen and Haenseler 

(2) confirmed Weindling's findings and also isolated a 

diffusible toxic compound from the Trichoderma which they 



proposed was responsible for its activity. Although~~ 

1964, Webster and Lomas (61) identified Weindling's f. 

lignorum as a Gliocladium sp., its importance in the 

Trichoderma literature should remain, since the two genera 

are similar. 
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Daines (22) working with potato [1937], noted the 

antagonistic action of Trichoderma sp. on f. solani in one 

out of three different soil types. Deines didn't pursue the 

work any further because he felt that the physical 

environment was too great a barrier against establishment of 

Trichoderma in the soil. 

In 1956, Boosalis (11) noted that R. solani was 

parasitized by Trichoderma sp. and Penicillium vermiculatum. 

Unfortunately, he only pursued the work utilizing P. 

vermiculatum. 

In their book, Ecology of Soil-borne Plant Pathogens, 

K.F. Baker and W.C. Snyder (5) summarized all that was known 

about biological control to that point in time [1965]. They 

made little mention of the Trichoderma-Rhizoctonia inter­

action owing to the paucity of references available at that 

time. 

Research using Trichoderma started anew in the late 

1960 1 s and early 1970's. Initially the work centered on 

control of southern blight caused by Sclerotium rolfsii. 

Rodriguez-Kahana (55) utilized an isolate of Trichoderma 

viride to control southern blight of tomatoes under 

greenhouse conditions. 
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In the early 1970's, Wells et al (63) found T. 

harzianum present in diseased sclerotia of i• rolfsii. They 

successfully used this isolate to reduce southern blight 

damage in tomatoes under greenhouse and more importantly, 

field conditions. 

In 1971, Dennis and Webster (24) published a rather 

lengthy article dealing with the hyphal interactions between 

Trichoderma isolates and various test fungi, including R. 

solani They observed both physical interactions, i.e., 

coiling, and the production of volatile and non-volatile 

antibiotics. 

Baker and Cook (4) published Biological Control of 

Plant Pathogens in 1974. Although this book might have been 

the catalyst needed to encourage others to work in the 

biological control area, it actually contains few references 

to Trichoderma-Rhizoctonia interactions. 

Studies conducted by Backman and Rodriguez-Kahana (3) 

in 1975 utilized the antagonist T. harzianum to control 

southern blight of peanut. They applied Trichoderma on 

diatomaceous earth granules impregnated with molasses. This 

was considered to be the first economical method for 

delivery of a biocontrol agent under field conditions. 

During the late 1970's and early 1980's, four major 

groups of researchers utilized Trichoderma to control R. 

solani. 

The first group of researchers were Israeli scientists 

who had initially worked with!• solani inoculum density 



studies during the mid-1960's (42,43,57). In 1978, Henis, 

Ghaffer, and Baker (a cooperating U.S. researcher) (44) 

published their first article dealing with biocontrol. In 

10 

that study, T. harzianum was applied using a wheat bran 

carrier to protect radish seedings from R• solani-induced 

damping-off. In addition, pentachloronitrobenzene (PCNB) 

(4ug/g soil), used in conjunction with l• harzianum, had an 

additive effect on disease control and decreased the 

inoculum density of R• solani. 

The next year, Hadar, Chet and Henis (38) isolated a 

native T. harzianum from soil which was an antagonist to R. 

solani. Their disease control studies were conducted 

exclusively in the green house using a wheat bran carrier, 

for delivery of the antagonist to the soil. They also 

measured quantities of the lytic enzymes, B-(1-3) glucanase 

and chitinase, produced by the Trichoderma isolate on 

various carbon sources. Expanding this study in 1982, they 

found that various isolates of l• harzianum differed in the 

levels of hydrolytic enzymes produced when they attacked the 

mycelia of~. rolfsii, R. solani, and P. aphanidermatum 

(29). Correlations were found between the different enzyme 

levels and the ability of the isolate to control disease 

caused by the respective soilborne pathogen. 

Chet, Hadar, Elad, Katan, and Henis (15) isolated a 

second T. harzianum capable of attacking R• solani and S. 

rolfsii. Field work in S. rolfsii-infested soils showed a 

small but significant decrease in the percentage of diseased 
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plants (56.3% diseased in control plots vs. 43.1% in the T. 

harzianum-treated plots.) 

Their continued interest in the interaction between 

pesticides and Trichoderma prompted a study on the 

interaction between dinitroaniline herbicide and T. 

harzianum to control~. rolfsii on peanuts. They found no 

benefit in applying the herbicide and biocontrol agent 

together (37). 

Working with Baker again in 1980, they determined that 

the method of antagonism for 1• harzianum appeared to be a 

parasitism, since no antibiotic activity could be detected 

(13). This was also the first attempt to quantify 

propagules of R. solani over time in a monoculture system. 

They found that soil became suppressive to R. solani with 

successive croppings and that the suppressiveness was 

accompanied by an increase in propagule density of T. 

harzianum. In a later study, they noted that a soil 

conducive to R. solani could be transformed into a 

suppressive soil by the addition of a T. hamatum isolate 

(14). The T. hamatum isolate had been previously isolated 

from a soil known to be suppressive to R. solani. 

Continuing their interest in an integrated approach to 

biological control, Elad et al (31) utilized solarization 

(polyethylene mulching), fumigants (methyl bromide and 

vapam) PCNB, and T.harzianum. Solar heating or fumigation 

with methyl bromide, along with T. harzianum improved the 

efficiency of using either treatment alone. 
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Another new isolate of T. harzianum recovered from soil 

was found to significantly decrease disease caused by S. 

rolfsii and R. solani (30). This biocontrol organism was 

more efficient in controlling disease at lower temperatures 

which corresponded with in vitro laboratory temperature 

studies. An interesting observation from this study was 

that T. harzianum increased plant growth, particularly 

height. This would be a distinct advantage over pesticides 

which frequently cause phytotoxicity. 

In 1981, Chet et al. (16) published photographs of the 

interaction between R. solani and I• hamatum. Using phase 

contrast and Nomarski differential interference-contrast 

microscopy, it appeared that the Trichoderma hyphae produced 

appressorial structures or hooked-shaped contact branches. 

The Trichoderma hyphae then penetrated the Rhizoctonia 

hyphae and grew within, eventually lysing the host cells. 

Additional observations of these interactions were made in 

1982 using electron and fluoresc~nt microscopy (27). 

The second group to work with Trichoderma-Rhizoctonia 

systems was Ralph Baker and associates from Colorado State 

University. Prior to working with the Trichoderma­

Rhizoctonia system, Ralph Baker's major interest centered on 

the epidemiology and modelling of R. solani (6-10). Baker 

and co-workers (45) developed a soil sampler used for 

quantitative estimation of propagules of!• solani in soil. 

Although he co-authored many of the previously discussed 

papers, only one major paper dealing with this system came 
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out of his lab. Liu and Baker (46) found that suppressive­

ness built-up in soil after monoculture with radish or 

cucumber. An increase in the number of Trichoderma 

propagules correlated with a decrease in the inoculum 

density of R. solani. In addition, they induced 

suppressiveness in a conducive soil by the addition of 

Trichoderma. 

The third group of researchers is located at Geneva, 

N.Y. and is directed by Gary Harmon. In 1980, Harmon, Chet, 

and Baker (40) determined the feasibility of using T. 

hamatum [later to be re-identified as I• harzianum (39)] as 

a seed treatment to protect seeds and seedlings from attack 

by Pythium spp. and R. solani. On pea and radish seeds, I• 
hamatum provided diseas~ control equal to captan and PCNB 

fungicide treatments in greenhouse studies. The activity of 

the I• hamatum continued providing disease control through 

two additional plantings. 

Following-up their first study, Harmon et al. (41) 

examined the addition of amendments to I• hamatum seed 

treatments. The addition of chitin or cell walls of R. 

solani to seed coats increased the ability of I• hamatum to 

protect seeds against Pythium spp. and R. solani. The 

amended seed treatments also resulted in an increase in the 

population density of Trichoderma in the soil, probably due 

to a readily available food source. 

The fourth major researcher involved in this biocontrol 

system is George Papavizas of the Soilborne Diseases 
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Laboratory, Beltsville, MD. After many years of examining 

survival of R. solani in soil, Papavizas(48,SO,Sl) began a 

program using ultra-violet radiation induced biotypes of r. 
harzianum. In 1982, Papavizas, Lewis, and Abd-El Moity (52) 

reported on the development of new biotypes of T. harzianum 

that were selected for their resistance to benomyl, enhanced 

biocontrol capabilities, and ability to survive in soil. 

Several UV-induced biotypes were consistently more effective 

in suppressing disease caused by R. solani and P. ultimum 

than the wild strain. 



CHAPTER III 

MATERIALS AND METHODS 

1982 Field Study 

Field studies were performed at Bixby and Stillwater, 

Oklahoma. Studies at Bixby took place in three different 

field sites at the Oklahoma Vegetable Research Station. At 

Stillwater, one field site was utilized at the Plant Path­

ology Farm. 

Eight treatments were evaluated using a randomized 

complete block design with four replications. Treatments 

consisted of two different strains of T. harzianum, Strain 1 

(St-1) (courtesy of R. Biker) and Strain 2 (St-2) (courtesy 

of Abbott Labs) incorporated into Laponite 508 gel (syn­

thetic magnesium silicate) (Laporte (U. S.) Inc., 

Continental Plaza 411 Hackensack, NJ 07601) at two rates: 

10 5 and 10 7 conidia/ml of gel. Conidial concentrations were 

adjusted using a hemacytometer. Additional treatments 

consisted of growing both l• harzianum strains on oats and 

incorporating the infested oats into the soil at time of 

planting. The last two treatments were an unamended control 

gel, and a gel containing the fungicide captan (100 ug 

active ingredient (a.i.)/ml. Planting rows were 3.8 m long 
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and 0.9 m apart. Germinated Bahamian Hot Chile seeds were 

added to the gel at the rate of 164 seeds/100 ml of gel. 

Gel was extruded into naturally infested the soil using 

either a modified hand push drill or caulking guns at the 

rate of 20 ml of gel/m. 

Soil samples were taken at 3-4 weeks after planting. 

Soil samples were made from within the planting row to a 

depth of 10 cm using a cork borer 13 mm in diameter. Soil 

was serially diluted with sterile deionized water (1:100, 

1:1000, 1:10,000) and then 1 ml of each dilution was plated 

onto Trichoderma Selective Medium (TSM) (28). Plates were 

incubated in the dark at room temperature (25 C) for 7 days 

before making colony counts. 

Isolation of Antagonist from Soil 

A 9 cm circle of nylon net (1 mm mesh) was autoclaved 

2 (121 C, 1.05 kg/cm) and placed on the surface of potato 

dextrose agar (PDA) in a petri dish. A plug of Rhizoctonia 

solani (AG-4) (R-96) (7 mm) was then placed on top of the 

net and allowed to grow to the edge of the petri dish. The 

nylon net, with~ solani mycelium attached, was peeled off 

the agar and cut into 1 cm squares. The squares were 

equally distributed between two 9 cm glass petri dishes 

containing 100 g of soil 11'SUppressi ve II to R. so lani (Conway, 

unpublished). One dish of soil was incubated for 24 hours 

and the other one for 7 days. After the incubation period, 

soil was placed on a sieve and washed under running water 



for 3 min to recover the nylon net squares. Nylon squares 

were plated onto either PDA amended with 300 mg/L strepto­

mycin sulfate or Trichoderma selective medium (TME) (49). 

Trichoderma-like fungi growing from the nylon squares and 

onto the media were transferred to PDA for further study. 

Screening of Potential Antagonists 

on Artificial Medium 

17 

Five mm plugs were cut from actively growing cultures 

of R. solani (R-96) on PDA, and potential antagonists 

selected from the previous isolation procedure. Plugs of R. 

solani and a potential antagonist were placed 3 cm apart on 

sterile glass microscope slides covered with 2.5 ml of 2% 

water agar. Paired-culture slides were incubated in petri 

dishes until cultures met. Slides were placed on a compound 

microscope and interactions between hyphae observed. 

Aniline blue dye was used to stain the hyphae. 

Identification of the Potential 

Antagonist 

Initial microscopic observation indicated that the 

fungus was a Trichoderma sp. and further species identifi­

cation followed. The fungus was grown on malt agar in 9 cm 

petri dishes and on microscope slides each covered with 2.5 

ml of malt agar and placed in a petri dish. Both types of 

cultures were incubated in the dark for 48 hours and then 

exposed to 12 hours of light. Colonies were examined for 



characteristic features. Cultures were sent to J. Bissett 

at the Biosystematics Research Institute, Agriculture 

Canada, Ottawa, Ontario KIA OC6 for confirmation. 

Optimu~ Growth Temperatures of Trichoderma 

harzianum and Rhizoctonia solani 

in Culture 

18 

Agar disks (7 mm) covered with mycelium of R. solani 

(R-96) or Trichoderma harzianum (T-224) were transferred 

from the edge of three day old colonies to the center of PDA 

contained in 9 cm petri dishes. Colonies were incubated in 

darkness at temperatures ranging from 10 C to 35 C, at 5 C 

increments. Colony diameters were measured daily for five 

days or until the mycelia reached the edge of the petri 

dish. There were four replications and the experiment was 

repeated once. 

Inoculum Density of Rhizoctonia solani 

in Cornmeal Sand Culture 

A 4% cornmeal sand mixture (CMS) (8 g cornmeal, 196 g 

sand, and 50 ml deionized water) was placed in 250 ml Erlen­

meyer flasks, cotton stoppered, and autoclaved for 1 hr on 

two consecutive days (121 C, 1.05 kg/cm 2 , 60 min). A plug 

(9 mm) was cut from an actively growing agar culture of R. 

solani (R-96) and added to each flask. A piece of aluminum 

foil was crimped over each cotton stopper to retard moisture 

loss. The inoculated CMS flasks were incubated in darkness 
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at 20 C. One flask was sacrificed each week for quanti­

tation of viable propagules. CMS was diluted using a 

sterile soil mix before pelleting. A multiple pellet soil 

sampler (45) was used to determine propagule density. There 

were four replications per sample. Counts were made at 

24-36 hours using a dissecting microscope. Corrections were 

made for multiple pellet colonization (45). The experiment 

was repeated two times and run for a minumum of seven weeks. 

Germination Technique 

Bahamian Hot Chile seeds (Capsicum annuum 1.) (courtesy 

of J.E. Motes) were used in all experiments. Seeds were 

germinated in a temperature controlled germinator, until 

radicals were exposed to a length of 1-3 mm. The germinator 

consisted of a plexiglass chamber which contained fitted 

glass cylinders, 4.5 cm diameter and 40 cm long (58). 

Cylinders were rubber stoppered at the bottoms. The chamber 

and glass cylinders were filled with tap water. Aeration 

was provided by an aquarium pump connected by tubing to an 

air stone located at the bottom of each tube. Water 

temperature was maintained at 27 C by the use of an aquarium 

heater. Water was changed daily for four days or until the 

seeds were removed. Unless otherwise indicated, germinated 

seeds were hand-separated from non-germinated seed. 



20 

Environmental Chamber Studies 

General 

All plantings were made in aluminum pans 6 cm X 3 cm X 

3 cm, which contained 120 g soil. Soil was a pasteurized 

mix of 1 part sandy loam soil: 2 parts sand: 1 part peat 

moss and was adjusted to 10% moisture content before 

planting. Fifteen germinated chile seeds suspended in gel 

were planted 2-3 mm deep in 3 rows in each container of soil 

at the rate of 15 seeds/3 ml of gel. Gel consisted of 

powdered Laponite 508 blended with water at the rate of 1.6% 

w/v. After seeds were planted, pans were loosely covered 

with plastic wrap to reduce evaporation. Temperature was 

maintained at 25 C with a 12 hour light-dark cycle. There 

were four replications per treatment. 

Inoculum of!• solani (R-96) was produced on 4% CMS. 

After incubation for 3-4 weeks at 25 C, the CMS inoculum was 

added at the rate of 2% by weight to soil. Soil was 

infested 24 hours prior to planting. This resulted in 8-20 

R. solani propagules/g of soil at time of planting. 

Disease Control by the Addition of 

Trichoderma harzianum to Soil 

Trichoderma harzianum (T-224) conidia were harvested 

from 20 day old cultures on PDA by adding 3 ml of sterile 

water to the agar surface and then dislodging the conidia 

with a rubber spatula. Conidial concentrations were 
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determined with a hemacytometer. The conidia were added at 

the rate of 10 7 conidia/g ~f soil infested with R. solani. 

The augmented soil was incubated at 25 C for 3 days prior to 

planting. Emergence and damping-off were recorded at 7 days 

after planting. Comparisons were made between!• solani­

infested treatments and!• solani-I. harzianum-infested 

treatments. 

In a later study I• harzianum was grown on sterile oats 

(equal quantities of oats and water autoclaved at 1.05 

kg/cm 2 for 45 minutes) for one week prior to planting. 

Infested oats were added to the top 5 mm of soil at the rate 

of 1.2 grams per pan of soil just prior to planting. 

Disease control due to the addition of I• harzianum-infested 

oats was compared to a captan amended gel treatment. 

Amendments to Gel 

Conidia of T. harzianum (T-224) were harvested from 2-3 

week old cultures on PDA. The agar surface was flooded with 

3 ml of sterile deionized water and the conidia were rubbed 

free with a rubber spatula. Conidial concentrations were 

determined using a hemacytometer and then adjusted to 

desired concentrations. Three concentrations of conidia 

were used: 10 7 , 10 8 , and 109 conidia/ml of gel. Viability 

of T. harzianum conidia in gel was determined (18). Captan 

(100 ug a.i./ml) was used as a comparison of disease 

control. The experiment was repeated once. 



1983 Field Study 

Field studies were performed at the Plant Pathology 

Farm, Stillwater, Oklahoma. All plantings were made in 

raised bed microplots with an interior measuring 2.3 X 2.3 

m. Soil was a sandy loam, pH 5.7-6.3, which had been 

fumigated with methyl bromide 4 weeks prior to planting. 

Treatments were laid out in a randomized complete block 

design. Each microplot contained four rows 2.2 m long and 
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0.6 m apart. Treatments were located in the two center rows 

and were 2 min length. The two outer rows as well as the 

remaining 0.1 mat the end of each treatment row were 

unamended guard rows. 

Rhizoctonia solani (R-96) grown on CMS was added to 

half of the microplots at the rate of 2% w/w of soil, just 

prior to planting. CMS (1920 g sand: 80 g cornmeal: 500 ml 

deionized water) was placed into 2.8 L Fernback flasks, 

autoclaved, and then infested with ten 9 mm plugs of a 3 day 

old culture of~ solani. The flasks filled with infested 

CMS were incubated for nine days prior to planting. 

Infested CMS was hand-mixed into the planting row to a width 

of 15 cm and a depth of 8 cm. Germinated Bahamian Hot Chile 

seeds were gel seeded into the soil at the rate of 66 seeds/ 

40 ml gel (Laponite 508, 1.6% w/v)/ 2 m row. 

Gel treatments consisted of an unamended control, I• 
harzianum (T-224) at the rate of 10 7 conidia/ml of gel, and 

captan at 100 ug a.i./ml. Trichoderma conidia were 
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harvested from 20 day old PDA plates by adding 3 ml of 

sterile water to the agar surface and then dislodging the 

conidia with a rubber spatula. Conidial concentrations were 

determined using a hemacytometer and then adjusted to the 

desired concentration. 

Application of the gel was made using small plastic 

bags with the corner clipped off. After the gel was 

extruded, it was covered with 1-2 mm of soil and lightly 

irrigated. 

Rhizoctonia solani and Trichoderma propagule counts 

from microplot soil were made pre-plant and at 5 day 

intervals for 20 days. Soil samples were taken using a 12 

mm cork borer to a depth of 4 c~. Four samples were taken 

1-1.5 cm from the gel treatment and then bulked. Counts of 

R. solani propagules were made using a multiple pellet soil 

sampler (45), and placing the soil pellets on a selective 

inulin-copper sulfate medium (IN) (26). There were four 

replications per soil sample. Plates were incubated in the 

light at 25 C for 48 hours before reading. Counts were made 

using a dissecting microscope at 15-105 X. Trichoderma 

propagule counts were made by serially diluting soil with 

sterile water(l:100, 1:1000, 1:10,000) and then delivering 1 

ml of each dilution onto four replicate plates of a 

Trichoderma selective medium(TME) (49). Plates were 

incubated at 25 C in the light for 8-10 days before colony 

counts were made. Seedling emergence counts were made every 

2-3 days. 



CHAPTER IV 

RESULTS 

1982 Field Study 

Fluid drilling studies were performed at Bixby and 

Stillwater, Oklahoma. Trichoderma propagule counts were 

made from planting row soil 3-4 weeks after gel seeding of 

germinated chile seeds. Multiple rank transformations were 

made on all data (17). Significantly (P=0.05) higher 

densities of Trichoderma propagtiles were recovered from soil 

samples of treatments where Trichoderma spp. were incorpo­

rated either on oats or in gel at 10 7 conidia/ml (Table 1). 

Screening of Potential Antagonist 

on Artificial Medium 

Microscopic examination of the interaction of the 

hyphae of R. solani (R-96) and f. harzianum (T-224) revealed 

several types of associations (Figures 1, 2, and 3). Hyphae 

of T. harzianum coiled around R. solani hyphae (Figure 1), 

or moved in a serpentine fashion along the surface of R. 

solani hyphae (Figure 2). I• harzianum also produced curved 

infection hooks or pegs into the hyphae of R. solani (Figure 

3 ) • 
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'I' AB LI·: 1 • Ml' ,1 11 r il n k o f Tr i c ho ct er nrn prop a g u I es from p 1 anting row soi 1 3- 4 weeks after 
incorpor;it ion with genninated chi le seeds., 1982. 

T r ca t m e n t t'I e a n R a n k o f T r j c h o d e rm a Pr o p a g u 1 e s 

I· _harzi,1n11111 (St-2) 

(; e I ( J c/i co 11 i d i u I 111 I ) 

Gel(J0 7 coriidiu/ml) 

Oats 

:~. ha r z j il 1111 m (St - I ) 
(> I ( I Cl ) c on i d i a Im I ) 

C:el(I0 7 conidiil/ml) 

Oa Ls 

(.apLan 

Conlrol_z 

Rixby l 

l U • 0 ( 7 • 6 )11 by 

22.5(L9.4)cd 

27 .0(31 .4)d 

3.9( 4.7)a 

lo.2(15.0)bc 

26.8(40.4)d 

13.4( 7.8)b 

12.2( 8.2)ab 

Loe :0 l: ion 

tlixby 2 

8.2( 3.S)a 

20.2(47.5)b 

11.2( 4.6)a 

20.2(46.S)b 

6.9( 3.0)a 

7.6( 3.3)a 

oixby 3 

8.0( 8.3)a 

18.5(50.8)b 

8.4( 8.9)a 

----

10.5( 9.6)a 

7.1( 8.8)a 

Stillwater 

9.4( 5.9)ab 

26.0(30.6)de 

30.5(54.8)e 

12.0( 6.4)abc 

20.0(13.8)cd 

16.8( 7.8)bc 

10.5( 5.7)ab 

6.9( 4.4)a 

xvalues in parenthesis are average numbers of Trichoderma propagules(X 10-2)g dry 
soil. 

YMean ranks i11 the same column followed by the same letter are not significantly 
different according Lo Duncan's multiple range test, P_0.05. 

zcaptan (100 ug c1.i./ml gel}. 
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Figure 1. Trichoderma harzianum coiling around!• solani 
hyphae. 
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Figure 2. Serpentine movement of I• harzianum along surface 
of !• solani. 

Figure 3. Infection hooks or pegs formed by T. harzianum. 
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Identification of the Potential Antagonist 

The fungus used in antagonistic studies was examined 

from pure culture using the procedure of Rifai (52) . 

Conidia were smooth-walled, and globose to obovoid, 3-3 . 5 X 

3-4 um . Phialides were rather narrow bottle shapes with 

long necks (8-12 X 2-2 . 5 u m) (Figure 4) . Phialides arose in 

false verticils of two to four beneath the terminal phia-

lide . There were no sterile hyphal elongations . The main 

branches of the conidiophores produce d many right-angled 

side branches (Figure 5) . The complex branching of the 

conidiophores resulted in a pyramidal or conical pattern . 

When grown in agar culture , the mature colony had a reverse 

coloration of dark golden - yellow . 

Figure 4 . Trichoderma harzianum conidia and phialides 
(1000 X) . 

Figure 5 . Typical branching pattern of T . harzia num (400 X) . 
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The culture was initially identified as Trichoderma 

aureoviride, but was later identified by J. Bissett as!• 

harzianum,based on the size of the phialides and conidia. 

Optimum Growth Temperattires of Trichoderma 

harzianum and Rhizoctonia solani 

in Culture 

Diametral hypha1 growth of T. harzianum (T-224) on PDA 

was greatest at 30 C (Figure 6) but it also grew well at 25 

C. Rhizoctonia solani (R-96) grew well within a range of 

20-30 C, with optimal growth at 25 C. 
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Figure 6. The effect of temperature on diametral growth of 
R. solani (96) and T. harzianum (224) on potato dextrose 
agar. 
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Inoculum Density of Rhizoctonia solani 

in Cornmeal Sand Culture 

The quantity off. solani (R-96) propagules present in 

the first three weeks varied widely (Figure 7). During this 

early period, propagule counts/g dry sand were relatively 

high in the first (269-409) and third (335-441) experiments 

but quite low in the second (34-77). After the third week, 

the number of propagules increased to more than 500 in all 

experiments. In the first experiment, the propagule number 

peaked at 995 during the seventh week. The second and third 

experiments peaked at the sixth and fifth weeks, respective-

1200+ • e EXPERIMENT 1 • 
0 .-_. EXPERIMENT 2 /\ 
z \ < •· · · · ··•EXPERIMENT 3 • I Cl) 1000 \ ... 
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H I .I 
z 
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WEEKS AFTER INFESTATION 

Figure 7. Inoculum density of Rhizoctonia solani 
(R-96) over time in a 4% cornmeal sand culture. 
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In all experiments, the number of viable propagules 

declined after the initial peak, but still remained high 

(>250 propagules/g dry sand) until the end of the 

experiment. 

Environmental Chamber Studies 

Disease Control by the Addition of 

Trichoderma harzianum to Soil 

30 

Trichoderma was added to soil using two different 

methods: conidia added directly to soil or on infested oat 

seeds. Germinated chile seeds, suspended in an unamended 

gel, were gel-seeded into soil. When conidia of T. 

harzianum (T-224) were added di~ectly to the soil prior to 

gel-seeding, there was a significant (P=0.05) decrease in 

damping-off in only one experiment (Table 2). The decrease 

in damping-off, though significant was quite small (33%) 

when compared to the!• solani infested control. 

In contrast, when T. harzianum was added to soil on an 

oat carrier prior to fluid drilling, there was a large and 

significant decrease in diseased plants when compared to the 

R. solani infested control (Table 3). The T. harzianum 

treatment resulted in a 57% decrease in disease in Experi­

ment 1 and a 68% decrease in Experiment 2. An additional 

treatment using a captan amendment resulted in a 54% and 61% 

decrease in damping-off compared to ~he R. solani infested 

controls in Experiments 1 and 2, respectively. 
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TABLE 2. The effect of Trichoderma harzianum (224) added 
directly to soil as conidia, on the incidence of damping-off 
of chile seedlings caused by Rhizoctonia solani. 

Treatment 

Uninfested Control 
R. solani Control 

R. solani + T. harzianum 2 

Exp 

0 
30 

20 

1 

AY 

B 

AB 

Diseased Plants {%2 
Exp 2 Exp 3 

0 A 0 A 
88 B 48 B 

77 AB 32 C 

YNumbers in each column followed by the same letter do not 
differ significantly according to Duncan's multiple range 
test, P=Oa05a 

2 Trichoderma harzianum added at 10 7 conidia/g of soil. 

TABLE 3. The effect of I• harzianum (T-224) added to soil 
on an oat carrier, on the incidence of damping-off of chile 
seedlings, caused by f. solani. 

Treatment Diseased Plants (%) 
Exp 1 Exp 2 

Uninfested Control 0 AY 0 A 

B.. solani Control 68 B 77 B 

R. solani + T. harzianum 29 C 25 C 

B.• solani + captan 2 31 C 30 C 

YNumbers in each column followed by the same letter do not 
differ significantly from each other according to Duncan's 
multiple range test, P= 0.05. 

2 Captan (100 ug a. i./ ml gel). 
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Amendments to Gel 

The effect of conidial densities of T. harzianum in the 

seeding gel, on damping-off was evaluated in two 

experiments. Trichoderma harzianum added at 109 conidia/ml 

gel, significantly decreased disease compared to the R. 

solani infested control in Experiment 1 only (Figure 8). 

All other densities of conidia failed to reduce disease. 

Addition of captan to the gel resulted in significantly 

better disease control (61% reduction) than the T. harzianum 

(109 ) treatment (27% reduction) (Table 4). 

100 

90 ,....._ 
* ~ 

Experiment 1 
~ 80 
Cl) 

E-< 
70 :z; 

< 
....:1 
11. 60 * 
A 
i:,;.:i so Cl) 

< 
i:,;.:i 

__._ _ Experiment 2 

--If--- -------- - ---· 
Cl) 40 
H 
A 

o1 
0 
-+--~--t/f-~~~~--,=-~~~~~~~1-,c-~~~~~~~--L-

107 108 109 

T. HARZIANUM CONIDIA/ ML GEL 

Figure 8. The effect of Trichoderma harzianum (224) 
at three different concentrations, on the incidence 
of damping-off of chile seedlings caused by Rhizoc­
tonia solani. (*) indicates a significant diffe~­
ence P=0.05. 
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TABLE 4. The effect of T, har2ianum (T-224), as an amendment 
to gel, on the incidence of damping-off of chile seedlings 
caused by R. solani. 

Treatment Diseased Plants (%) 

Exp 1 Exp 2 

Uninfested Control 0 Ax 0 A 

R. solani Control 85 B 43 B 
R. solani/ T. harzianum(l0 7 ) 85 

__ y 
52 

R. solani/ T. harzianum(l08 ) 90 48 
R. solani/ T. harzianum(l09) 62 C 47 B 
R. solani/ captanz 33 D 27 B 

XNumbers in each column followed by the same letter 
differ significantly from each other according to 
Duncan's multiple range test, P=0.05. 

do not 

YNot included in the comparisons. 
zcaptan (100 ug a. i./ ml gel). 

1983 Field Study 

Gel seeding studies, using germinated chile seeds, were 

performed in raised-bed microplots at Stillwater, OK. Half 

of the microplots were infested with a CMS culture of R. 

solani (R-96). Three geJ treatments were used in both the 

R. solani-infested and uninfested plots. Gel treatments 

consisted of an unamended gel, and gels amended with either 

f. harzianum (T-224) (10 7 conidia/ ml gel) or captan (100 ug 

a.i./ml gel). Multiple rank 'transformations were made on 

all data. Rhizoctonia solani propagules were monitored over 

time in the f. solani-infested microplots (Table 5). 

Rhizoctonia propagules decreased over time in all treatments 

from an initial density of 12 propagules/g soil to 3 

propagules/g soil on the twentieth day. 
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TABLE 5. Mean densities of Rhizoctonia solani propagules/g 
dry soil over time, in microplots previously infested with 
R. solani CMS culture, Stillwater, 1983. 

Treatment 

Control 

r. harzianum 

Cap tan 

0 

12 

12 

12 

R. solani 
Days 
5 

33( 8.7) 2 

34( 9.3) 

38(10.5) 

Propagules/g Dry 
After Amendment 

10 15 

5( 7.8) 3( 6.0) 

8(10.5) 9(13.3) 

7(10.3) 5( 9.2) 
z 

Number in parenthesis indicates mean rank. 

Soil 

20 

3( 7.8) 

3(11.2) 

3( 9.6) 

There were no significant differences in mean rank of 

!• solani propagules among the unamended, I.• harzianum or 

captan treatments on a given date,(Figure 9). 
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Figure 9. Mean rank of Rhizoctonia solani propagules/g dry 
soil over time in microplots, Stillwater, 1983. 

Initial background counts of Trichoderma varied widely 

(Day 0-Table 6). Based on rank means, there were signifi-

cantly more Trichoderma propagules present at 15 and 20 days 

in the R. solani infested-Trichoderma soil samples than in 

the uninfested-Trichoderma soil samples (Figure 10). 



TABLE 6. Mean densities of Trichoderma propagules/g dry soil over time, in 
Rhizoctonia solani-infested and uninfested microplot soil, Stillwater, 1983. 

Treatment 

Uninfested Soil 
Control 
I..harzianumY 

Infested Soil 2 

Control 
T.harzianum 

0 

Trichoderma Propagules/g Dry Soil 

Days After Amendment 
5 10 15 20 

160(10.2)x 210( 7.8) 550( 9.5) 170( 6.6) 1033(11.3) 
700(13.2) 6783(15.8) '738(12.0) 972( 9.9) 483(10.5) 

1733(19.2) 3450(13.2) 1433(14.2) 1663(14.1) 667( 8.7) 
43( 7.5) 5277(13.3) 1660(14.3) 6567(19.4) 7367(19.6) 

XNumber in parenthesis indicates mean rank. 
YTrichoderma harzianum fluid drilled into soil at the rate of 10 7 conidia/ml 
gel. 

2 Soil infested with CMS culture of R. solani. 
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Seedling emergence in the uninfested control plots 

averaged 69.7% (46 out of 66 seeds planted) while the 

emergence in the R. solani-infested plots averaged 10.6% (7 

out of 66 seeds) (Table 7). 

TABLE 7. Mean emergence of chile seedlings in Rhizoctonia 
solani-infested and uninfested microplots, Stillwater, 1983. 

Treatments 

Uninfested Soil 
Control 

Cap tan 

T.harzianum 

Infested SoilZ 
Control 

Cap tan 

T.harzianum 

10 

4QX(28)Y 

43 (29) 

37 (26) 

4 (IO) 

4 ( 9) 

3 ( 9) 

Seedlings Emerged/ Row 

Days After Plant 

15 

50 (27). 

52 (29) 

52 (27) 

6 ( 7) 

10 (IO) 

11 (12) 

x66 seeds were fluid drilled/ row. 

YNumber in parenthesis indicates mean rank. 
2 Soil infested with R. solani CMS culture. 

20 

46 (27) 

51 (29) 

51 (29) 

7 ( 6) 

14 (13) 

11 (IO) 
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There were no significant differences in plant 

emergence based on treatment (Figure 11). Rather the only 

significant difference in emergence was based on presence or 

absence of!• solani. 

30-

25-

20 

15 

10 

5 

Capt an 
•·· ·· ......... · · ·· ·" ..... .,..... ..... • T. harzianum 

' :;. . .-: :--

·--
- ... ..... ------ Untreated 

··• Captan/ 
_.....__ . R. solani 

....... ..... . 
/ .··--....,...,, . --..- .. ........... .... T. harzianum/ 

••··· - R. solani 

R. solani 
Control 

0••-------------------~-------------------,.------------------..-1-. 10 15 20 
DAYS AFTER PLANT 

Figure 11. Mean ranks of chile seedling emergence over time 
in Rhizoctonia solani infested and uninfested microplots. 



CHAPTER V 

DISCUSSION 

In 1982 field studies, two strains of Trichoderma 

harzianum were added to soil on an oat seed carrier or as 

conidia in gel. Although no seedling emergence data was 

available due to unfavorable environmental conditions, 

densities of Trichoderma propagules were determined at 3-4 

weeks after planting. In most cases- Trichoderma densities 

were significanty higher in 10 7 conidia/ml gel treatments 

than in the control. The densities were even higher in the 

oat seed treatments, probably due to the presence of a food 

base. 

Further studies indicated that these two isolates of T. 

harzianum were not effective biocontrol agents for this 

disease system. Thus a baiting system was used to recover a 

native antagonistic Trichoderma sp •• 

Isolation of antagonistic Trichoderma spp. using 

baiting techniques is an ac~epted practice (46). Screening 

of potential antagonists on artificial media is a more 

controversial approach. Trichoderma harzianum isolated in 

these experiments proved to be an antagonist to Rhizoctonia 

solani on artificial medium and in soil. In culture, the 

antagonist coiled around and formed penetration hooks into 

40 
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the!• solani hyphae. Vacuolization and dissolution of the 

!• solani hyphae also occurred. In environmental chamber 

studies, when oat seed infested with T. harzianum was used 

as a treatment, damping-off was reduced by an average of 

57-68% compared to the infested control. George Papavizas 

and Laura Mihura (personal communications), would contend 

that this correlation between artificial media interactions 

and soil studies was mere coincidence. They have found no 

correlation between good antagonists on artificial media and 

in soil. Yet others (63) continue to screen antagonists 

exclusively on artificial media. In the view of this author 

future screenings of antagonists should be performed in 

soil. 

Initial studies were made on the inoculum density of!• 

solani in CMS culture over time. In many studies 

researchers have grown R. solani on CMS for a set period of 

time and then mixed it into soil at a certain proportion. 

They have little idea of how many propagules were present. 

In this series of experiments, there was considerable 

variability in the number of propagules from experiment to 

experiment and over time. If the CMS culture had been used 

to infest soil during the first three weeks of storage, 

considerably fewer propagules would have been added than if 

an older culture had been used. This could make a signifi­

cant difference in disease severity. 

In environmental chamber studies, T. harzianum 

controlled damping-off only in the presence of a food base, 
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i.e. oats. When conidia were added directly to soil or into 

gel, there was no disease control, except in one experiment 

where the addition of 109 conidia/ml gel resulted in a 

significant decrease in damping-off. This is an extremely 

high concentration of conidia which would be impractical to 

use on a larger scale. 

At no time in these studies did I• harzianum act as a 

pathogen of chile peppers. Although Elad et al. (30) 

reported an increased gro~th response in plants as a result 

of T. harzianum, no such effects were observed in these 

experiments. 

In the 1983 Stillwater field study, R. solani added as 

a CMS culture apparently overwhelmed the system. Although 

the quantity of CMS culture added was based on previous 

environmental chamber studies, the concentration was too 

high for a field situation. As a result of this overkill 

situation the only significant difference in plant emergence 

occurred between non-infested microplots and those infested 

with R. solani. Although slightly more plants emerged in 

the T. harzianum and captan treatments than in the control 

plots, there were no significant differences. 

There were also no significant differences in R• solani 

propagule densities among the control and T. harzianum or 

captan treatments. In contrast, there was a significant 

increase at P=0.05 in the density of Trichoderma propagules 

in the I• harzianum-R. solani plots over the T. harzianum­

only plots at 15 and 20 days. One could hypothesize that 
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the increase in Trichoderma propagule density was the result 

of parasitism and utilization of R. solani. A more accurate 

explanation of this increase may be the presence of the 

cornmeal (present in the CMS) as a food source for the T. 

harzianum. As in the previous experiments, one can again 

see the use and need of a food base for the population 

growth of Trichoderma in the soil. 

A possible follow-up to these studies would be the 

addition of a food base with the Trichoderma in the gel. 

Recent studies by Harman et al (41), have found promising 

results with the addition of various food sources to 

biological seed treatments. 

A major problem that must be overcome in the addition 

of biological agents to gel is the time factor. When dry 

seed is added to soil, it takes time to germinate. During 

this time a biological seed treatment has time to germinate 

and colonize the seed coat. The actively growing antagonist 

would thus be able to protect the germinating seedling from 

surrounding pathogens. In contrast, in fluid drilling the 

radical is already exposed when planted. Although the 

seedling will emerge more quickly than in direct seeding, it 

is also immediately susceptible to R. solani damping-off. 

Therefore the gel must contain an actively growing biologi­

cal agent along with the germinated seed at time of 

planting. Although this might be a possibility on a small 

research scale, this would not appear to be a commercially 

practical approach. 
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With pesticide residue and toxicity a problem in the 

environment, biological control is appealing as an alterna­

tive approach to plant disease problems. Unfortunately 

there are many inherent problems in its practical use. The 

biocontrol agent is a living organism, and like the pathogen 

it should control, has its own niche in the soil. Both 

organisms have a preference for various soil types, 

concentrations of nutrients and organic matter, water 

potentials, temperatures, and pH. These are just a few 

characteristics to consider. In addition, there are many 

different strains of R. solani, and although an antagonist 

may attack one or more of the strains, it may not attack all 

of them. Therefore, how does one come up with an antagonist 

that will control all strains of!• solani in all field 

situations? The answer at this point is unknown and 

stategies and techniques have not been formulated. For 

control of soil diseases, biological controls such as 

Trichoderma spp. will have to be used in specific areas. 

Since most of the successful biological control studies have 

taken place in controlled situations, such as growth 

chambers or greenhouses, the development of a biological 

control program for commercial greenhouses would be one such 

area. Rather than adding Trichoderma spp. to gel, a more 

promising situation might be the addition of Trichoderma 

spp. and a food source directly into a potting mix. In this 

way seedlings would be protected as they emerge and trans­

plants would take their protective biological agents along 



with them into their new soil environment. If gel seeding 

research using Trichoderma spp. is to be pursued, perhaps 

integrated control utilizing Trichoderma spp. and a fungi­

cide would be the best approach. The fungicide would give 

immediate disease control, while the biocontrol could 

provide long-term disease protection. 
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