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Roots of greenhouse-grown peppermint (Mentha piperita L.) and spearmint (Mentha spicata L.) 

plants and in vitro-grown shoot cultures were inoculated with Verticillium dahliae conidial suspensions to 

study symptom development, detection, and elimination of the V. dahliae. There were significant 

differences in the symptom expression of control and infected shoot cultures at each conidia concentration 

for the four mint cultivars tested. Disease symptom ratings were proportional to the V. dahliae innoculum 

density. Shoot cultures were stunted when inoculated with > 103 conidia^mT1. V. dahliae was re-isolated 

from shoot cultures at all levels of innoculum, but not from any control cultures. Verticilliuw infections 

were easily detected by plating mint stems on potato dextrose agar. Shoot tips (0.5 to 15 mm diameter) 

from inoculated in vitro and greenhouse-grown plants were isolated and screened for V. dahliae. A 

meristem diameter of 3 to 5 mm was the most effective size for fungus elimination. Shoot tips from 

inoculated greenhouse plants at 105 conidia'mL"1 produced Verticillium-free cultures from 79% of 'Black 

Mitcham' and 90% of 'Todd's Mitcham' plants. Shoot tips isolated from in-vitro spearmint cultivars 

infected at 102 and 103 conidia'mL"1 were 100% Verticillium free, but only 42% of 'Black Mitcham' and 

54% of 'Todd's Mitcham' shoot tips were free of the disease at 102 conidia'mL'1 and none at higher 

inoculum concentrations. These results indicate the utility of testing for Verticillium and the utility of 

micropropagated mint shoots for certified planting stock programs. Endogenous bacteria were tested for 

inhibition of V. dahliae. Of the 34 endogenous bacterial strains screened for inhibition of V. dahliae in 

vitro, 10 produced a zone of inhibition around colonies of V. dahliae on PDA and one strain (Pseudomonas 

fluorescens (Pf-5)) produced a zone on KB medium as well. No significant effect on plant growth (height) 

was observed for in vitro-grown Scotch spearmint culture bacterized with Pseudomonas fluorescens (Pf-5). 

The bacterized plants showed no significant biological control effects when inoculated with V. dahliae. 



However, bacterization appeared to provide protection against Verticillium wilt during the early stages of 

plant growth but the effects were not lasting. Protocols for certification of Verticillium-free mint in-vitro 

cultures were developed based on this study. 
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DEVELOPMENT, DETECTION AND ELIMINATION OF VERTIC1LLIUM 
DAHLIAE IN MINT SHOOT CULTURES AND EFFECTS OF BACTERIAL 
CULTURES AND BACTERIZATION ON THE GROWTH AND DISEASE 

DEVELOPMENT 

CHAPTER 1. Introduction and Literature Review 

1. Introduction 

Verticillium dahliae Kleb. (=V. albo-atrum var menthae Nelson), a soil-bome fungus, is distributed 

throughout the temperate regions of the world. It causes a vascular wilt in numerous dicotyledonous plant 

species (Nelson, 1950; Mace and Bell, 1981; Bhat and Subbarao, 1999; Talboys, 1984; Pegg, 1984; 

Martinson, 1963; Powelson and Rowe, 1993). Verticillium wilt is of economic importance in vegetables, 

forest trees, woody and herbaceous ornamentals (Bhat and Subbarao, 1999; Brooks, 1994; Sharma and 

Nowak, 1998; Pegg, 1984; Brandt et al., 1984; Rowe et al., 1987; Reed et al., 1995; Krikun and Bemier, 

1987). Most commercial mint cultivars are susceptible to V. dahliae and the vegetative propagation of mint 

by rootstocks and runners is responsible for the rapid spread of the disease (Nelson, 1950; Brandt et al., 

1984; Klein et al, 1996-1997; Lacy and Homer, 1965; Berry and Thomas, 1961; Sink and Grey, 1999; 

Highley, 1967). 

1.1    Introduction to Verticillium dahliae 

Biology of Verticillium dahliae 

V. dahliae survives for a long time in soil as dormant resting structures, primarily as microsclerotia, clusters 

of hyaline cells, and mycelium (Presley, 1950). Highley (1967) reported that microsclerotia can persist in 

the soil for as long as 13 years. The life cycle of V. dahliae is divided into three periods: dormant, 

parasitic, and saprophytic. Number of propagules of V. dahliae in the soil affects the severity and 

incidence of the disease. Root exudates stimulate the germination of microsclerotia which directly 

penetrates the root tip. After the infectious hyphae invade the vascular system, they multiply within the 

vessels by producing conidia which invade the xylem systemically to the plant's apex. Near the end of the 

parasitic stage microsclerotia are formed again in the dying plants if they are moistened by rain or irrigation 

or turned under into moist soil.   These resting structures are returned to the soil, and the disease cycle 



begins again (Nelson, 1950; Mace and Bell, 1981; Highley, 1967; Arbogast, 1999). Soil temperature and 

moisture are two important factors involved in the growth of V. dahliae. A general temperature range of 21- 

270C supports disease caused by most V. dahliae isolates, whereas 28-30oC suppresses disease 

development. This is the reason that Verticillium wilt disease is more of a problem in temperate compared 

to tropical regions of the world (Arbogast, 1999; Nelson, 1950). Berry et al. (1961) reported that disease 

development is initially fastest at 25 0C in peppermint while at 20 "C development occurs four to six weeks 

later (Berry and Thomas, 1961). Irrigation often promotes infection by lowering soil temperatures and 

providing moisture. Irrigation allows more rapid transport of conidia through the plant, which accelerates 

the disease symptoms if the temperature is 21-27°C. In potato Verticillium wilt is more severe under wet 

than dry soil conditions (Martinson, 1963; Arbogast, 1999). 

Disease physiology 

Once the xylem has been colonized by conidia, mycelia can cause physical barriers to transpiration 

(Arbogast, 1999). "The wilting of the host mainly resulted from the decreasing solute movement through 

the xylem due to fungal tissues, spores and/or plant degradation products such as plant growth regulators, 

ethylene and indole-acetic acid" (Pegg and Selman, 1959). Fungal metabolites such as polysaccharides 

interfere with translocation as well (Caroselli, 1957). Fungal hydrolytic enzymes can weaken plant cell 

walls and plug the water conducting elements by releasing cell;wall constituents or vessel-wall pieces. 

Extensive damage to the pit membranes may allow vessels to collapse. The molecular weight of these 

compounds influences the process because "high molecular weight compounds are transported to the 

smaller vascular elements near the top of the plant where they plug petioles and leaf blades" (Hodgson et 

al., 1949). Vascular discoloration in the xylem of roots and dark melanin pigments accumulated in host 

cells are caused by polyphenoloxidase that releases phenolic substrate from the infected plant tissues. The 

release of these pigments into the xylem can also lead to vascular occlusion (Green, 1981; Arbogast, 1999). 

Symptoms of Verticillium wilt in Mentha 

One of the earliest observable symptoms in mint is the shortening of the intemodes near the shoot tips, 

giving the plant a stunted appearance and smaller than normal terminal leaves. The most typical diagnostic 



symptom is the unilateral development of young leaves (Figure 1). Young leaves curl and twist then 

become chlorotic or bronzed. Wilting and defoliation occur in the late stages of the disease but show 

considerable variation in the manner in which they develop and also the severity of the initial infection. The 

development of brown to black cankered areas on the stem is a very obvious feature of wilt in peppermint 

and spearmint. Some plants show extensive vascular discoloration, but that is not a consistent feature of the 

disease in mint. Eventually the whole plant collapses and dies (Nelson, 1950; Mace and Bell, 1981). 

Figure 1. Typical symptoms of Verticillium wilt on Mentha: (A) control (B) unilateral development of 
young leaves. 

Influence of Verticillium wilt on the development of mint industry 

The culture of peppermint (Mentha piperita L.) and spearmint (Mentha spicata L.) is a highly-specialized 

agricultural industry due to the specific climatic requirements for the production of high quality oil. The 

rapid spread of V. dahliae is normally through propagative material or infected plant debris. Verticillium 

species vary in pathogenicity on different hosts and symptoms are most severe on the host from which they 

were obtained. The peppermint strain of Verticillium is very host specific. New Verticillium-wilt diseases 

now occur on some vegetable crops like lettuce and cauliflower that were not considered hosts until 

recently (Bhat and Subbarao, 1999; Crowe et al., 1996-97). The peppermint industry of the United States is 

mainly located in two distinct zones, the mid-western, including Michigan and Indiana, and westem US, in 



Oregon and Washington (Highley, 1967; Nelson, 1950). Most Mentha cultivars are very susceptible to V. 

dahliae. Verticillium wilt of peppermint was first reported in 1926 from Michigan (Nelson, 1950). In the 

Pacific Northwest, the first record of the disease was reported in 1944 (Highley, 1967). The rapid spread of 

the disease led to the abandonment of mint cultivation in southern Michigan and northern Indiana and the 

subsequent migration to Montana, Idaho, Oregon and Washington (Nelson, 1950). Reductions in yield 

mainly result from the loss of leaf area due to stunting, defoliation, or death of plants. The fungus also 

debilitates the rhizomes and runners, which are unable to survive winter cold because of insufficient food 

reserves (Nelson, 1950). Wilt has become progressively more severe in Oregon and constitutes a serious 

threat to the mint industry (Pegg, 1984). 

1.2 Mint culture 

Mint culture, susceptible and resistant cultivars 

Peppermint in the US originally escaped from early gardens and become established in the favorable 

habitat of the New England states. Peppermint is also grown in Russia, Japan, Germany, Austria, France, 

Italy, and other Mediterranean counties. The commercial industry was started at Mitcham, in Surrey, 

England, about 1750. Commercial culture in the US began in Ashfield, MA, about 1812. Three recognized 

varieties of M. piperita are grown commercially including M. piperita CVs American Mitcham and White 

Mitcham. Mitcham, also called 'Black Mitcham', was imported from England around 1883 and remains 

cultivation due to its high productivity and oil quality. Peppermint culture has migrated from east to west 

due to wilt. Wilt disease on peppermint first appeared on the plantation of the A.M. Todd company at 

Mentha, MI in 1924. 'Black Mitcham' was grown exclusively at the initial period of mint cultivation and is 

very susceptible to wilt (Nelson, 1950; Sink and Grey, 1999). Two peppermint cultivars were developed 

with moderate resistance to V. dahliae and acceptable oil quality, 'Murray Mitcham' and 'Todd Mitcham' 

(Murray and Todd, 1975) and are still grown. American spearmint {Mentha spicata L.) and Scotch 

spearmint (Mentha gracilis Sole) were used as substitutes for peppermint. Scotch spearmint is more 

productive and preferred by the mint industry. Both are susceptible to wilt but are less affected than 

peppermint. Scotch spearmints were more seriously affected by wilt than the native America spearmint. 



Symptoms in the American spearmint are not obvious even though it is also susceptible to wilt (Nelson, 

1950; Sink and Grey, 1999) 

1.3 Biological control of Verticillium wilt on mint and other crops Pathogen-free Propagules 

For crops that are vegetatively propagated it is important to use clean stock for planting in the field to avoid 

the spread of the disease because cuttings, divisions, runners, corms, bulbs, buds, or grafts may already be 

infected when removed from the parent plant. Propagules transported in this manner are often virus tested, 

but are usually not indexed for bacterial or fungal pathogens. Mint germplasm is usually vegetatively 

preserved as field-grown or potted plants. Because M piperita and M. spicata are nearly sterile hybrids and 

rarely produce viable seeds, the clonal maintenance of specific genotypes of spearmint and peppermint is 

highly important to the mint oil industry. Several studies show that clean stock can be obtained from 

cultured cuttings, apical meristems and single-cell cultures. These methods have been used to avoid 

infection. 

Plant tissue culture 

Plant tissue culture is used for distributing germplasm of many clonally propagated crops. Certification of 

stock plants for field planting of mint is currently valid only for plants derived from certified mother-block 

plants. Culture of mint using in vitro methods could provide a convenient way for distributing certified 

Verticillium-free mint plants. Meristem-tip culture may be used to obtain virus-free plants from infected 

stocks and produce pathogen-free plants from stocks systematically infected with mycoplasma, fungi and 

bacteria (Evans et al., 1983). Hodgson (1949) theorized that meristem-tip culture would be useful for 

producing fungus free mint culture from infected plants. Mints are readily tissue cultured even though there 

are some internal bacterial contaminants associated with the plants (Reed et al., 1995). 

Verticillium resistance and its application 

Verticillium penetrates the root tip of resistant mint plants nearly as readily as that of susceptible mints, 

while the vascular systems of susceptible roots are more extensively invaded than resistant ones (Lacy and 

Homer, 1965).   Many more V. dahliae propagules are isolated from susceptible roots than from resistant 



roots. The number of Verticilliiim propagules recovered from mint stems is dependent on the extent of root 

invasion. The severity of foliar symptoms is related to pathogen proliferation in the stems. Roots are the 

first sites of differential resistance (Lacy and Homer, 1965; Highley, 1967). MostMentha cultivars are very 

susceptible to VerticiUium. To date, no commercial mint cultivars are immune to this disease. Some 

species such as Mentha sylvestris L. (M longiofia Huds), Mentha rotundifolia (L.) Huds and Mentha crispa 

L. have moderate to high levels of resistance (Nelson, 1950). Resistant varieties would be an effective 

method to control VerticiUium wilt, however, those now available do not produce mint oil of acceptable 

commercial quality. M. crispa has long been used in crosses with commercial peppermint, M. piperita, to 

develop resistant peppermint types (Nelson, 1950; Brandt et al., 1984). Active resistance to V. dahliae 

seems to be a more general resistance mechanism in which defense factors develop in the host as a 

response to infection. Resistance mainly depends on the ability of the plant to produce toxins or antitoxins 

in response to infection (Wei et al., 1996). Brandt et al. (1984) concluded that the resistant species M. 

crispa actually suppressed the proliferation of V. dahliae within stems. Resistance to VerticiUium wilt 

maybe correlated with phenolic metabolism and phenolic oxidase may play an important role (Brandt et al., 

1984). Transgenic plants of peppermint are being currently evaluated for protein production and 

VerticiUium dahliae resistance (Niu et al., 1997). In a study of somatic hybridization in mint, Krasnyansk et 

al. (1998) obtained somatic hybrid plants following protoplast fusion between peppermint (Black Mitcham) 

and native spearmint. Some studies indicate that intermediate resistance may be adequate for commercial 

production with higher oil quahty than that of M crispa (Berry and Thomas, 1961). However, disease- 

tolerant cultivars may bring only short-term success, as selection pressure for strains of the pathogens that 

overcome resistance genes is expected to occur. 

Chemical control 

VerticiUium wilt may be controlled by a variety of fumigation treatments that have fimgicidal activity 

[Telone C (dichloropropene and chloropicrin), Vapam (metham-sodium), Vorlex (methyl iso-thiocyanate 

and chlorinated hydrocarbons), Terr-o-cide D (mixture of ethylene dibromide and the chloropicrin)] (Davis, 

1985). Homer and Dooley (1965) reported that propane-gas flaming of mint and potato stubble was 

effective in reducing inoculum of V. dahliae (Homer and Dooley, 1965). Burning of mint fields was 



practiced in Oregon as one approach to managing wilt (Mclntyre and Homer, 1972). Partial sterilization 

with heat or chemicals is sometimes effective in reclaiming infected mineral soils. Metham-sodium (MES) 

applied via sprinkler irrigation controls V. dahliae and other soil borne pathogens (Klein et al., 1996-1997; 

Ben-Yephet and Frank, 1989). Verticilliu/n wilt in potato is controlled by soil fumigation with metham 

sodium or methyl bromide-chloropicrin. Soil disinfectants are not widely used in the field because in most 

cases it is less expensive to farm new land rather than fumigate the soil. Because the pathogen exists in the 

xylem, it is not effective to use fiingicidal chemicals that are externally applied to plants. Only when 

systemic fungicides such as carbendazim-generating benzimidazoles and thiophanates, viz. thiabendazole, 

benomyl, thiophanate became available that there was any prospect of controlling vascular-wilt disease by 

treatment of the host plant (Talboys, 1984). Recent research shows that intravascular injection with the 

fungicide propiconazole (l-[2,4-dichlophenyl)-4-prooyl-l,3-dioxolan-2-ylmethyl]-lH-l) 2, 4triazole) 

controls oak wilt caused by the vascular parasite Ceratocystis fagacearum (Appel and Kurdyla, 1992). 

However, concern exists over the use of fungicides because of their persistence in the environment. 

Crop cultural management and crop rotation 

Because V. dahliae can exist in soil as resting structures, soil treatments are used to eliminate or suppress 

the pathogen. Temperature and moisture are two environmental factors that influence the severity of 

Verticillium wilt. "Irrigation has an effect on the pathogen by lowering soil temperature and providing 

moisture for infection". Arbogast (1999) concluded there was a relationship between potato cultivar 

response to moisture deficit stress and Verticillium wilt. The disease is severe in wet soils and suppressed 

in dry soils, which may be useful for developing disease management strategies of Verticillium wilt. 

Tolerance to moisture-deficit stress could be used to screen potato cultivars for resistance to Verticillium 

wilt (Arbogast, 1999). Adjustments in scheduling irrigation to make the soil less conducive to disease are 

successful with potato cultivars (Cappaert et al., 1992). 

Crop rotation, green manures, fertility control, scheduling, and amount of irrigation are effective strategies 

for control of Verticillium in potato (Arbogast, 1999). A naturally infested field arises from repeated 

culture of a susceptible crop. Crop rotation is one of the most important cultural methods used for 
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controlling V. dahliae wilt. The population of resting structures of vascular pathogens in soil diminishes 

over time with the absence of suitable host plants. However, some studies showed that crop rotation may 

not provide sufficient control due to the long survival of microsclerotia in soil and the nonpathogenic 

invasion of nonhost plants (Abbott, 1985). Microsclerotia can persist in the soil for as long as 13 years and 

can survive adverse environmental conditions (Highley, 1967). A six year rotation with non-susceptible 

crops did not eliminate the peppermint strain of V. dahliae from the soil (Nelson, 1950). No effective 

control of V. dahliae was achieved in peppermint with three year rotation to com, strawberries, beans, 

orchard grass, alfalfa, com, red clover, or weedy fallow (Homer, 1962). However, the effectiveness of crop 

rotation may depend on the crops used. Bhat et al. (1999) concluded that management of Verticilliuw wilt 

in some crops such as bell pepper, cabbage, cotton, eggplant and mint is a distinct possibility based on then- 

research of host range specificity in V. dahliae (Bhat and Subbarao, 1999). Davis et al. (1996) reported two 

or three consecutive years of a green manure report was effective in reducing the severity of Verticillium 

wilt of potato (Davis et al., 1996). Several crops that do not serve as hosts of Verticillium such as cereals, 

com, grasses onion, carrot, bean, pea, and asparagus are grown in rotation with potatoes. However, 

Cappaert et al. (1992) found no reduction in the disease following rotation. 

1.4 Bio-control 

Potential beneficial endogenous bacteria 

Verticillium wilt can be suppressed by many different procedures. Limitations include the high cost of soil 

fumigants, lack of commercial acceptance of resistant cultivars, and environmental concerns about 

chemical fungicides. Bacterial endophytes have a natural and intimate association with plants. "It is 

apparent that some endophytic bacteria reside specifically in tissues colonized by vascular pathogens (Chen 

et al., 1995)". Biological control measures should be aimed at either keeping the amount of inoculum in the 

soil at a minimum or by inactivating the resident microsclerotia population. Biocontrol can also reduce root 

and stem colonization through the application of antagonists. For V. dahliae, the host plants are susceptible 

to infection during each of the stages of development, so control of colonization might be more difficult. 

Biological control strategies might be more economical for control of Verticillium wilt with reduced cost 

and fewer environmental effects because bacterial inoculants are usually inexpensive to produce, are 



environmentally safe, and can be readily applied to many current production practices problems 

(Westwood and Lombard, 1977). 

"Biotization" is a new term developed by Nowak (1998), describing a procedure of "In vitro co-culture of 

plant tissue explants with beneficial microorganisms induces developmental and metabolic changes in the 

derived plantlets, which enhance their tolerance to abiotic and biotic stress" (Nowak, 1998). Epiphytes and 

endophytes are regarded as natural inhabitants of plants by some researchers due to their enhancing effect 

on tissue-culture propagules to environmental stresses. Endophytes are considered contaminants of in vitro 

cultures and various procedures are available to eliminate them (Cassells, 1997; Reed and Tanprasert, 

1995). Nowak isolate a pseudomonad bacterium originally from surface-sterilized onion roots that provide 

effective plant growth promotion, and induces dramatic root growth promotion when co cultured with 

potato, watermelon and cucumber and pepper (Nowak et al., 1998). 

Endophytes are defined as "bacteria that are able to colonize living plant tissues without harming the plant 

or gaming benefit other than securing residency" (Misaghi and Donndelinger, 1990). It is believed that 

during the course of their co-evolution plants and bacterial endophytes have developed an intimate 

relationship in which an extensive exchange of information at the cellular and molecular levels may be 

involved (Benhamou et al., 1996). Endophytic bacteria show beneficial effects such as plant growth 

promotion and biocontrol potential against plant pathogens. 

Studies continue to confirm that endophytic bacteria promote plant disease resistance. Plant growth- 

promoting rhizobacteria (PGPR) are recognized as having the ability to promote plant growth (Kloepper et 

al, 1989). Noel et al. (1996) reported that a number of different bacteria exhibit PGPR activity including 

pseudomonads, bacilli, Azotobacter spp., Azospirillum spp., Burkholderia spp. and Rhizobium 

leguminosarum. Many Pseudomonas species, particularly those belonging to the fluorescent group, 

enhance plant growth and crop yield under greenhouse and field conditions. Bacteria mainly belonging to 

the genera Pseudomonas and Bacillus have been widely reported for the potential use in agriculture. 

Microorganisms  showing in vitro inhibition Verticillium wilt pathogens include Pseudomonas spp., 



10 

Bacillus spp., Trichoderma spp. and Streptomyces spp. (Gregory et al., 1986; Hall et al., 1986; Murdoch et 

al., 1984; O'Brien et al., 1984). Fluorescent Pseudomonas has beneficial effects on plant growth and crop 

yield under greenhouse and field conditions (Xu et al. 1986; Quadt-Hallmann et al., 1997). A non- 

fluorescent Pseudomonas spp. (PsJN) isolated from sterilized onion roots shows significant growth 

stimulation when co-cultured with potato and other vegetable nodal explants stimulate growth under sterile 

tissue-culture conditions and during early growth after transplanting (Liu et al, 1995). 

Mechanisms implicated in antagonism toward and biological control of phytopathogenic fungi includes 

mycoparasitism, antibiotics, competition, and induced systemic resistance. Two primary mechanisms may 

be involved in the biological control activity of PGPR. Many studies suggest that growth stimulation has an 

indirect effect on reduced disease incidence because many PGPR are antagonistic to plant pathogen. 

Indirect mechanisms are observed in most recognized PGPR strains, which arise from "PGPR altering the 

root environment and ecology, for example, acting as control agents and reducing diseases, liberation of 

antibiotic substances that kill noxious bacteria, competition with deleterious agents, metabolism of toxic 

products." Direct mechanisms include "production of phytohomones, liberation of phosphate and 

micronutrients, nonsymbiotic nitrogen fixation and stimulation of disease-resistance mechanisms" (Noel et 

al., 1996). Activation of the plant defense mechanisms involved in the disease suppression of both 

bacterial and fungal rhizosphere agents may be more important because it provides control of soilbome 

pathogens, and many foliar pests and parasites (Chen et al., 1995). Many studies indicate that PGPRs may 

act as inducing agents, leading to induce systemic protection (ISR) against pathogens (Chen et al., 1995; 

Cook and Baker 1983; Lazarovits and Nowak 1996); ISR is based on plant defense mechanisms or multiple 

potential defense mechanisms that are activated by inducing agents. ISR results in the increases in activity 

of chitinases, (3-1,3 glucanases, peroxidases, and other pathogenesis- related (PR-) proteins and the 

accumulation of antimicrobial low-molecular-weight substances. An important aspect of ISR is the wide 

spectrum of pathogens that can be controlled with a single inducing agent. This is different from 

antagonism and relies on direct functions of the biological control agents such as production of antibiotics, 

siderophores, and hydrogen cyanide (HCN), as well as nutrient competition. The mechanism of ISR 

protects the plant systemically following induction with an inducing agent to a single part of the plant, 



11 

while other mechanisms of biological control are generally not systemic. PGPR may offer a practical way 

of delivering ISR to agriculture. 

Chen et al. (1995) concluded that endophytic bacteria have the potential of becoming a new class of 

biocontrol agents for the biological control of vascular pathogens based on their research that six bacterial 

strains significantly reduced the expression of Fusarium wilt in cotton. "Bacteria may enter intact plant 

tissue by invagination of the root hair cell wall, by penetration of the junction between root hair and 

adjacent epidermal cells, or by enzymatic processes involving degradation of cell wall on bound 

polysaccharides" (Huang, 1986). Bacteria may enter the epidermis through passive plant uptake due to 

transpiration. Further spread inside the plants may occur via intercellular spaces or conducting elements 

(Lazarovits, 1997). Root colonization by the endophytic bacterium Pseudomonas fluorescence, strain 63-28 

involves a sequence of events that include bacterial attachment to the plant root, proliferation along the 

elongating root, and local penetration of the epidermis (Benhamou et al., 1996). 

Pythium oligandrum is a parasite of Verticillium dahliae in dual culture, which can retard the pathogen's 

growth and the formation of microsclerotia (Al-Rawahi and Hancock, 1998). Disease losses caused by V. 

dahliae on pepper are reduced significantly by P. oligandrum. Some of these effects apparently may be due 

to growth promotion of pepper by P. oligandrum rather than direct protection against disease. Processes 

responsible for growth promotion may also be factors in ISR. Mycoparasitism which involves gaining 

nutrients by enwrapping, penetrating, and causing lysis of host hyphae also may have a significantly role in 

biological control of Verticillium wilt of pepper. 

A threshold population density of a bacterial strain may be required for suppression of wilt disease. In a 

study of dose- response relationship in biological control of Fusarium wilt of radish by Pseudomonas spp., 

Raaijmakers (1995) concluded that rhizosphere population density of strains WCS358 and WCS 374 

played an important role in suppressing Fusarium wilt of radish. Approximately 105 CFU (Colony 

Forming Unit) per gram of root is required for a significant suppression of wilt (Raaijmakers et al, 1995). 

Inoculum density of the bacteria, and the vascular pathogen and temperature may also be involved in 
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biological control activity on in vitro growth promotion of epiphytic and endophytic colonization. In an in 

vitro dual culture of tomato plantlets and a Pseudomonas sp., strain PsJN, the best growth promotion was 

obtained with inoculum densities of 3xl08- 7xl08 cfu/ml at 20oC (Pillay and Nowak, 1997). Sharma and 

Nowak (1997) reported that the degree of protection afforded by in vitro bacterization depends on the 

inoculum density of V. dahliae. Endophytic colonization of tissues is required for the Verticillium- 

resistance responses. Plant growth promotion precedes the disease-resistance responses, and may depend 

on the colonization thresholds and subsequent sensitization of hosts (Sharma and Nowak, 1998). 

Tissue culture allows for the creation of simple model systems for testing single factors and their 

combinations. Beneficial microorganisms for plant growth promotion and disease resistance can be 

screened in vitro without interference of contaminants and other microorganisms (Pillay and Nowak, 1997). 

Co-culture of in-vitro tomato seedlings with bacteria showed significant differences in both disease 

suppression and improved plant growth, while the in vivo bacterized tomatoes did not show such effects. 
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CHAPTER 2. Development, detection, and elimination of Verticillium dahliae in 

Mint Shoot Cultures. 

Abstract 

Roots of greenhouse-grown mint plants and in-vitro grown shoot cultures were inoculated with Verticillium 

dahliae conidial suspensions to study symptom development, detection, and elimination of V.dahliae in 

plants. There were significant differences in the symptom expression between control and infected shoot 

cultures at all conidia concentrations for the four mints tested. Disease-symptom ratings were proportional 

to the V. dahliae inoculum density. Infected shoot cultures were stunted when inoculated with > 103 

conidia^mL"1. V. dahliae was re-isolated from infected shoot cultures at all levels of inoculum, but not 

from any control cultures. Verticillium infections were easily detected by plating mint stems on potato 

dextrose agar. Shoot tips (0.5 to 15 mm) from infected in-vitro and greenhouse-grown plants were isolated 

and screened for fungus. The most effective shoot length for fungus elimination was 3-5 mm. Shoot tips 

from inoculated greenhouse plants at 105 conidia'mL"1 produced Verticillium-free cultures from 79% of 

'Black Mitcham' and 90% of 'Todd's Mitcham' plants. Shoot tips isolated from in-vitro spearmint 

cultivars infected at 102 and 103 conidia'mL"1 were 100% Verticillium free, but only 42% of 'Black 

Mitcham' and 54% of 'Todd's Mitcham' shoot tips were free of the disease at 102 comdia»mL-l and none 

at higher inoculum concentrations. These results indicate the utility of testing for Verticillium and the 

safety of micropropagated mint shoots for certified planting stock programs. 

Introduction 

Verticillium dahliae Kleb. (=V. albo-atrum var menthae Nelson), a soil-borne vascular wilt pathogen, is 

economically important in mint production. Most commercial mint cultivars are susceptible and vegetative 

propagation of mint by rootstocks and runners is responsible for its distribution in North America (Brandt 

et al., 1984; Sink and Grey, 1999). 
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Maintenance of specific clonally-propagated genotypes of spearmint and peppermint is highly important to 

the mint-oil industry. Certification of stock for field planting is currently valid only for plants derived from 

certified mother-blocks. Plant tissue culture is used for distributing germplasm of many clonally 

propagated crops. Micropropagation of mint would provide a convenient method for distributing certified 

Verticillium-free mint plants. Although cultures can be tested for the presence of viruses, no method is 

available to certify that in-vitro grown plants are free of fungi. It is important to determine if standard 

laboratory procedures for detecting Verticillium are effective for in-vitro cultures and can be used to certify 

mint cultures as Verticilliiun free. Symptoms of Verticillium wilt disease on Mentha field plants are widely 

described (Baker, 1981; Nelson, 1950). However, there are no published reports on the expression of wilt 

symptoms of w-v/fr-o-grown mint plants. 

The objectives of this research were to determine 1) if standard plant pathology procedures are effective for 

detecting V. dahliae infections of in-vitro cultures; 2) if plating techniques can be used to certify mint 

cultures as Verticillium free; 3) to develop an effective method to eliminate Verticillium from infected 

plants. 

Materials and Methods 

In-vitro plants 

Native spearmint, Mentha spicata L. (Local identifier: Men 582.001), Scotch spearmint, Mentha x gracilis 

Sole (Men 583.001), and peppermint, M x piperita L. cvs. 'Black Mitcham' (Men579.001), and 'Todd's 

Mitcham' (Men 581.001) were propagated from shoot cultures held at the National Clonal Germplasm 

Repository (NCGR) in Corvallis, OR. Shoots were multiplied in Magenta GA7 vessels (Magenta Corp. 

Chicago, 111.) containing 40 mL MS medium (Murashige and Skoog, 1962) with 2.2 nM A^-benzyladenine 

(BA) and 0.5 JIM indole-3-butyric acid (IBA), 3% sucrose, 0.3% Bitek agar (Difco, Detroit, Mich.), and 

0.125% Gelrite (Schweitzer- Hall, South Plainfield, NJ) at pH 5.7. Shoots tips (2 cm) with two nodes were 

harvested from 3-wk-old shoot cultures and rooted for 6 days in Magenta vessels containing 10 mL MS 

medium without plant growth regulators. 
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Greenhouse plants 

Shoots were collected from pot-grown screen-house plants of the same accessions and propagated in 3x5x5 

cm pots with 12 pots for each genotype and at least 10 pieces (3-5 cm) in each pot. The lower leaves were 

removed and the base of the stem was inserted about 2 cm in sterile medium (1 sphagnum peat: 1 pumice: 1 

fir fines). Plants were repotted as needed in order to maintain actively growing, non-flowering plants. 

Inoculum 

A stock culture of V. dahliae (VCG2) was stored on potato dextrose agar (PDA) in a sealed tube at 50C. 

Inoculum was grown on PDA at 230C for 5 to 7 days. Conidial suspensions were prepared by scraping the 

culture surface with a loop and mixing the conidia with sterile deionized water (Sharma and Nowak, 1998). 

The suspension was added to sterile deionized water, homogenized on a tube mixer (Vortex, American 

Hospital Supply, Evanston, 111) for 1 min, and filtered through four layers of cheesecloth to remove 

mycelial fragments and microsclerotia. Conidial concentrations were estimated with a haemocytometer 

and adjusted to 1 x 106 conidia'mL"1 using deionized (DI) water. 

Inoculation and pre-testing for Verticillium infection 

Leaves were removed from 8-10 in-vitro grown shoots of each cultivar. The stems were cut into 3- 5 mm 

long segments and plated upright in Petri dishes (100 x 15 mm) containing 20 mL PDA. Stem sections and 

media were observed for the presence of Verticillium after 2 wk. 

In-vitro infection of mint plantlets 

Verticillium conidial suspensions of 102 to 106 and a deionized (DI) water control were prepared and 1 mL 

dispensed into sterile tubes (16 x 100 mm). Root tips were trimmed from in-vitro plantlets of each cultivar 

and the roots submerged in the conidial suspensions. Plantlets remained in the suspension under light in 

the laminar-flow hood for 30 min before transferring to tubes (16 x 100 mm) of rooting medium. Ten 

plantlets were inoculated per treatment and the experiment was conducted twice (n=20). Wilt symptoms 

including stem length, stem thickness, foliar chlorosis, and percentage of fungus on stem pieces were noted 

at 4 wk. Stem diameter was measured 2 and 4 cm from the medium surface with electronic calipers (Max- 
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Cal, Fowler, Japan). Symptoms of foliar chlorosis were rated on a scale of 0 - 4 where 0= no chlorosis, 1= 

1-25%, 2= 26-50%, 3= 51-75% and 4= 76-100%. Inoculated plantlets were tested using the same 

procedure as for pretesting. Data were recorded at 4 wk. 

Ex-vivo infection of mint plants 

A 105 conidia'mL'1 suspension of V. dahliae was prepared and 100 mL dispensed into 500 mL plastic 

beakers. Roots were rinsed free of soil with running tap water, wounded slightly by trimming the root tips 

with a scalpel, and submerged in the conidial suspension or sterile deionized water for 30 min. The rooted 

cuttings were immediately planted and placed in a greenhouse at 250C with a 14-h light: 10-h dark 

photoperiod. 

Testing for Verticillium infection of in vivo plants 

Ten stem pieces were randomly collected from symptomatic and symptomless field-grown and 

greenhouse-grown plants. Leaves were removed and shoot tips rinsed with tap water for 15 min and 

surface disinfested in 10% commercial bleach (5.25% sodium hypochlorite, Clorox, Oakland, CA) for 10 

min. Stems were cut into 3-5 mm segments and plated onto 20 mL streptomycin water agar medium (100 

H'mL"1) in 100 x 15 mm Petri dishes. 

Obtaining fungus-free cultures by shoot tip culture 

Shoots (3-5cm) of V. dahliae-infected greenhouse 'Black Mitcham' and 'Todd's Mitcham' were harvested, 

the tips (1-2 cm) removed, surface disinfested in 10% bleach for 1 min and rinsed twice with sterile DI 

water. Shoot tips (0.5-1 mm, 3-5 mm, and 10-15 mm) were excised and plated in 24-cell plates (Costar, 

Coming NY) with 2 mL of standard medium per well. In a second experiment, 3-5 mm shoot tips of in- 

vitro grown ('Black Mitcham', 'Todd's Mitcham', Native spearmint and Scotch spearmint) and field plants 

('Black Mitcham') were excised from symptomatic and symptomless plants. The shoot tip cultures were 

transferred to tubes (13 x 100 mm) of standard medium after 1 wk. The experiment was conducted three 

times (n= 12). 
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Statistical analysis 

A completely randomized design was used for all experiments. Mint cultures were randomly selected from 

in vitro-grovm, greenhouse-grown and field-grown plants and randomly assigned to each treatment. 

Statistical analysis was done using the SAS system (SAS Institute, 2000). Differences among group means 

were analyzed using ANOVA and Fischer's Protected LSD test (p = 0.05) and regression analysis. 

Results 

Verticillium detection in vitro: Tests of existing mint cultures found no fungal growth from any explants on 

PDA or water agar. V. dahliae was re-isolated from the stems of each of the inoculated plants showing 

symptoms, whether in-vitro or pot-grown plants. Known fungus-free cultures inoculated with the 

Verticillium conidia produced fungal growth on fungal-culture medium (Figure 1A) as well as tissue- 

culture medium (Figure IB). A large amount of fungal growth was evident on tissue-culture medium of all 

infected cultures and made it very unlikely that Verticillium would spread unnoticed through plant tissue 

cultures. 

A B 

Figure 1. Growth of Verticillium dahliae fungus growing on: A. potato dextrose agar and B. plant tissue 
culture medium. 

Verticillium effects on in-vitro plantlets 

Regression analysis indicated that both inoculum density and cultivar (Figure. 2A) significantly affected 

leaf chlorosis ratings. The equation of the fitted model y = 0.20 + 0.78xi - 0.03xiX2, where the variant X] 

represents the inoculum density and X2 represents cultivars. Both peppermint cultivars died when 

inoculated with 106 conidia'mL"1 within 4wk whereas spearmint remained alive and the stems stayed green 
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at 4wk even though it also died later. 'Black Mitcham' was the most susceptible cultivar with significantly 

higher foliar chlorosis ratings at 102 to 105 conidia^mL'1 than the other cultivars (Figure 2A). 

Figure 2. In-vitro grown 'Black Mitcham' peppermint, 'Todd's Mitcham' peppermint. Native spearmint, 
and Scotch spearmint infected with Verticillium dahliae spore suspensions at 0 (control), 102, 103, 104, 105, 
and 106 conidia'mL"1. A. Foliar chlorosis ratings (0 = no symptoms, 1= 1 to 25% of the foliage showing 
symptoms, 2 =26-50%, 3 =75%, 4 =76-100%). B. Height increase of mint cultivars following in-vitro 
infection. C. Stem thickness at 4 cm above the medium surface following in-vitro infection. Data were 
taken at 4 wk (n = 10). Bars represent the standard error. 
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Native spearmint, 'Todd's Mitcham', and Scotch spearmint had lower foliar chlorosis ratings than 'Black 

Mitcham' except at 105 and conidia^mL"1. The shoot tips of all 'Todd's Mitcham' cultures died when 

inoculated with 103 or more conidia^mL'1 even though other parts of the plants were still green at 4 wk after 

infection. All infected mint cultures were stunted. Significant differences (p < 0.05) in height were 

observed between the infected and non-infected cultures for all cultivars (Figure 2B). All cultivars except 

Native Spearmint had an additional significant growth reduction at 103 and 104 conidia^mL"1. Shoot height 

(growth) decreased with increasing inoculum for all cultivars. 

Figure 3. A. Scotch spearmint in-vitro shoots: control (left) and inoculated with 103 ~ 105 conidia^ml'1 

showing split stems (right). B. Enlarged view 40X: Control (left) and inoculated stem (right). 

Significant differences in stem thickness were observed (p < 0.05) between control and infected cultures at 

102 to 105 conidia^mL"1 for Scotch Spearmint (Figure 2C). Stems were thicker than the controls and in 

plants inoculated at 103 to 105 conidia^mL'1 stems thickened and split (Figure 3A, 3B). At 106 conidia'mL'1 

there was no significant difference between infected and control Scotch Spearmint cultures. Stems of 

'Black Mitcham' and 'Todd's Mitcham' were significantly thinner (p < 0.05) at 4 cm than the controls 

because of the severe wilt symptoms at 103 to 106 conidia^mL"1. Native Spearmint stems were significantly 

thinner at 104to 106conidia»mL"1 compared to the controls. Stem diameters 2 cm above the surface showed 
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similar results (data not shown).   Also, growth of axillary shoots observed indicating the potential of 

obtaining fungus-free mint cultures from severely wilted in-vitro cultures. 

Figure 4. Growth of axillary shoots observed on severely wilted in-vitro cultures ('Black Mitcham') 

Effects of shoot tip size on production of Verticillium-free cultures 

Shoot tip size and cultivar significantly affected the production of Verticillium-free peppermint cultures 

grown from infected greenhouse plants (Figure 4 A). The regression equation of the fitted model y = -1.46 

+ 1.39xi + 0.445x2 - 0.13 Xi-X2 - 0.22 X!2, where the variant X! represents the shoot tip size and X2 

represents cultivars. For the cultivars used in this experiment, shoot tips in the 3-5 mm range produced the 

most viable Verticillium-free cultures. Shoot tips in the two smallest size ranges (0.5-1 and 1-3 mm) were 

often fungus free, but died from the excision process. Those in the largest size range (10-15 mm) were 

initially alive, but many soon died from Verticillium infection. Shoot tip culture (3-5 mm) of infected 

greenhouse plants produced viable and Verticillium-free cultures from 79% of 'Black Mitcham' and 96% 

of'Todd's Mitcham'. 

Effects of initial inoculum and cultivar on the production of Verticillium-free shoot tips 

Inoculum concentration and cultivar significantly affected the production of Verticillium-free shoot tips 

from in-vitro infected shoot cultures (Figure 4B). The regression equation of the fitted model y = 1.10 - 

0.3X! + 0.078 xrx2, where the variant X] represents the initial inoculum and X2 represents cultivars. 
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Verticillium-free cultures were obtained from native and Scotch spearmint shoots inoculated with 10 or 

103 conidia^mL"1 while fewer mint cultures were recovered at higher inoculum density. Shoot-tip culture 

was only partially effective with in vitro peppermint with only 42% Verticillium-free cultures obtained for 

'Black Mitcham' and 54% for 'Todd's Mitcham' at 102 conidia'tnL'1 and none at higher inoculum 

concentrations. 

Testing of field plants for Verticillium infection and the production of Verticillium-free shoot tips 

Verticillium was isolated from shoot pieces of the field-grown plants of 'Black Mitcham' used for shoot tip 

excision. All shoot tips (3-5 mm) isolated and grown in vitro from infected field-grown plants were 100% 

free of Verticillium. Control plants were also Verticillium free. 

Figure 4.   A. % Verticillium-free shoots produced from four size classes of excised shoot tips of in-vivo 
infected greenhouse 'Black Mitcham' and 'Todd's Mitcham' peppermint inoculated with 105 conidia^mL'1. 
B. The percentage of Verticillium-free shoot tips 4 wk after excision of 3-5 mm shoot tips from in-vitro 
infected shoot cultures inoculated with Verticillium dahliae spore suspensions 0 (control), 102, 103,104 and 
105 conidia^mL"1. Bars represent the standard error. 
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Discussion 

/n-W/ro-infected mint cultures exhibited symptoms similar to those of field-grown mint plants. However, 

the most typical diagnostic symptom in the field, unilateral development of young leaves (Baker, 1981) was 

not observed among w-v#ro-infected plants. Symptoms varied among cultivars (Figure 5A-C). Even 

though all the in-vitro infected mint plantlets were stunted, shortening of the terminal intemodes and 

smaller than normal terminal leaves were observed only on Scotch spearmint (Figure 5A). The earliest 

symptom in peppermint was foliar chlorosis and discoloration of the stem (Figure 5B-C). Wilting of 

spearmint shoot tips was observed late in the infection process. Earlier studies show that vascular 

discoloration in the xylem and dark melanin pigments accumulated in host cells are caused by 

polyphenoloxidase that releases phenolic substrate from the infected plant tissues. The release of these 

pigments into the xylem can also lead to vascular occlusion (Green, 1981). 'Black Mitcham' is highly 

susceptible to Verticillium wilt and replacement cultivars were needed to improve mint production. 

'Todd's Mitcham' was developed with moderate resistance to V. dahliae (Murray and Todd, 1975) and 

Scotch spearmint (Mentha x gracilis Sole) was used as a substitute for peppermint because of its resistance 

to the fungus. Even though spearmints are also susceptible to wilt, they are less affected than peppermint 

in the field (Nelson, 1950; Sink and Grey, 1999). We observed similar results with m-vj'fro-grown mint 

plants. We noted that shoot tips in peppermint wilted much earUer than in spearmint (data not shown). 

Hodgson and associates (1949) theorized that shoot tip culture would be useful for producing fungus-free 

mint cultures from infected stocks because the vascular tissue is not developed in the meristem and hence 

the fungus does not invade it. Shoot tip culture is used to obtain virus-free plants from infected stock and 

to produce pathogen-free plants from stock plants systematically infected with mycoplasma, fungi, and 

bacteria (Evans et al., 1983). Our study showed that it is possible to produce Verticillium-free plants from 

infected mother plants by shoot tip culture, even though the recovery percentage depends on the severity of 

the wilt of infection and the size of the shoot tip (Figure 4). The more severe the infection and the smaller 

the shoot tip, the fewer viable and pathogen-free cultures were obtained. This process could be used to 

revitalize infected stock plots or to rescue important selections from Verticillium-infected fields. 
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Figure 5. Typical wilt symptoms between in v/rro-infected Native spearmint (A), Black Mitcham (B) and 
Todd's Mitcham (C) peppermint inoculated with 103 conidia'ml"1. (D) Scotch spearmint shoots inoculated 
with 0,102~105 conidia^mL"1 showing increasing shortening of intemodes near the shoot tips and smaller 
than normal terminal leaves with higher inoculum. 

This study determined that V. dahliae infection of mint cultures was easily detected by plating on a 

standard medium or by growth on the tissue-culture medium. Quantification of the disease process in vitro 

indicated that Verticillium-infected plants showed symptoms and died in culture within 3-6 weeks. The 

Verticillium fungus was never recovered from symptom-free plants. The severity of symptoms and the 

speed of plant death varied by cultivar with the peppermints more affected than the spearmints. 
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Verticillium-mfected plants from field, greenhouse, or in vitro could be freed of the fungus through 

excision and culture of 3-5 mm shoot tips. The effectiveness of shoot tip culture also depended on the 

initial inoculum density in the plant and the cultivar involved. The results of this study indicate the ease and 

utility of producing micropropagated mint shoots for distributing certified planting stock. 
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CHAPTER 3. Effect of bacterial cultures and bacterization on the growth and 
disease development of V. dahliae 

Abstract 

Endogenous bacteria were tested for inhibition of Verticillium in culture. Of the 34 bacteria tested, 10 

showed such inhibition effects on V. dahliae on PDA medium, in which Pseudomonas fluorescens (Pf-5) 

has the most significant effects. P. fluorescens also inhibited V. dahliae on KB. Plants were bacterized 

with the P. fluorescens bacteria but no significant growth improvements were observed. The bacterized 

plants showed no significant biological control effects when inoculated with the fungus. Bacterization 

appeared to provide protection against Verticillium wilt during the early stages of plant growth but the 

effects were not lasting. 

Introduction 

There are many different tactics for suppressing or controlling Verticillium wilt. Endophytes are considered 

contaminants of in vitro cultures and various procedures are available to eliminate them (Cassells, 1997; 

Reed and Tanprasert, 1995). However, because bacterial endophytes have a natural and intimate 

association with plants (Chen et al., 1995), they can control of Verticillium wilt is that what they say or do 

they say there is a possibility that they might? (Westwood and Lombard, 1977; Benhamou et al., 1996; 

Nowak, 1998). Nowak (1998) developed a method of "In vitro co-culture of plant tissue explants with 

beneficial microorganisms induces developmental and metabolic changes in the derived plantlets, which 

enhance their tolerance to abiotic and biotic stress". More and more studies confirm the potential function 

of endophytic bacteria in promoting plant growth and disease resistance. Organisms reported for potential 

use in agriculture are bacteria mainly belonging to the genera Pseudomonas and Bacillus. 

The objectives of this research were to determine: 1) if entophytic bacteria have inhibition effects on 

Verticillium cultures; 2) if there are promoting effects of bacterization procedure on the growth of in-vitro 

mint cultures; 3) if bacterized in vitro plants challenged with V. dahliae have increased disease resistance. 
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Materials and methods 

In-vitro plants 

Scotch spearmint (Mentha x gracilis Sole)(Men 583.001) was propagated from shoot cultures held at the 

U. S. Department of Agriculture, Agricultural Research Service, National Clonal Germplasm Repository 

(NCGR) in Corvallis, OR. Shoots were multiplied in Magenta GA7 boxes (Magenta Corp. Chicago, 111.) 

on 40 mL MS medium (Murashige and Skoog, 1962) containing 2.2 JIM A^-benzyladenine (BA) and 0.5 

HM indole-3-butyric acid (IBA), 3% sucrose, 0.3% Bitek agar (Difco, Detroit, Mich.), and 0.125% Gelrite 

(Schweitzer- Hall, South Plainfield, NJ) at pH 5.7. Shoots tips (2 cm) with two nodes were harvested from 

3-wk-old shoot cultures and rooted for 6 days in Magenta boxes on 10 mL MS medium without plant 

growth regulators. 

Verticillium conidial inoculum 

A stock culture of V. dahliae (VCG-2) obtained from M. L. Powelson, Oregon State University, was stored 

on potato dextrose agar (PDA) in a sealed tube at 50C. Inoculum was grown on potato dextrose agar (PDA) 

at 230C for 5 to 7 days. Conidial suspensions were prepared by scraping the culture surface with a loop and 

mixing the conidia with sterile deionized water (Sharma and Nowak, 1998). The suspension was added to 

sterile deionized water, homogenized on a vortex mixer (American Hospital Supply, Evanston, 111) for 1 

min, and filtered through four layers of cheesecloth to remove mycelial fragments and microsclerotia. 

Conidial concentrations were estimated with a haemocytometer and adjusted to 1 x 105 conidia'mL"1 using 

deionized (DI) water. 

Bacterial inoculum 

34 Bacteria stains previously isolated from mint cultures, identified, and stored in liquid nitrogen were 

cultured and spotted onto plates inoculated with Verticillium conidia to screen for any anti-fungal 

properties. The bacteria strains used for this experiment include: M22A, M22B, M22C, M26, M45 

M47, M55, M57, M58, M59, M76, Ml 19,   M128, M214, M221, M228,   M234B, M 363A, M 363B, 

M363C, M470, M 557A, M 557B, FRA119, FRA155A, FRA 645, FRA 939, Std A (Agrob.), Std 
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BCEnterob.), Men Std CCErwinia), Std D(Pseudomonas fluorescens (Pf-5)) .Std E(Pseu.), Xanth A, Xanth B 

and Cor 96.001. The above bacterial strains were identified by Reed and Tanprasert (1995). 

Preliminary Screen 

Conidia of V. dahliae (105 conidia'mL"1) were added to cooled (45-50 0C) PDA or KB (King's B) medium. 

Two plates of each PDA and King's B were streaked a "Z" shape with a sterile swab with each bacteria 

strain. Plates were checked for Clear zones of inhibition 4 days later. The experiment was done twice. 

Secondary Screen 

Bacteria showing clear zones of inhibition in the preliminary screen were retested. The bacteria were 

cultured on the rotary shaker overnight and serial dilution to 10"6cfu/inl. Dispense 100 \i\ of each dilution 

onto NA plates. Each dilution was spread onto NA plates and incubated for 24hr. The number of colonies 

for each dilution was recorded. A plate of dilution 5 should have 30-70 colonies growing (DF= lO"6 x 0.1= 

10"7, 30-70 colonies / 10'7 = 3xl08—7xl08 cfu/ml). The optical density (OD6oo) for each dilution of each 

strain was determined with a spectrophotometer. The optical density (OD6oo) for each dilution of each strain 

was determined with a spectrophotometer. PDA and KB plates were seeded with conidia of V. dahliae. 

Aliquots (10 nl) of each bacterial suspension were spotted onto three plates each of PDA and KB media 

and incubated at 250C for 72hr. The test was repeated twice. Clear zones surrounding the bacteria were 

checked a week later. The radius of inhibitory zone was recorded for each strain and medium. 

Bacterization 

One-week-old in-vitro rooted 'Scotch Spearmint' plantlets were removed from the vessels and root tips 

were trimmed. Roots of the plants were submerged in a Pseudomonas suspension of 106, 107 or 108 cfu/ml 

or in PBS (define PBS) for 15 min. The plants were then transferred to medium in 13 x 100-mm tubes, one 

per tube. There were 10 replications for each treatment. Plantlet height and disease severity were measured 

at 4 wk. 
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Challenge of bacterized in vitro plants with V. dahliae 

'Scotch spearmint' cultures were bacterized in vitro with the bacterial strain Pseudomonas fluorescens (Pf- 

5) (10 cfii/mL). Shoots tips (2 cm long) with two nodes were harvested from plantlets 3 wk after 

bacterization and rooted for 6 days in Magenta GA7 boxes on 10 mL Vi MS medium (rooting medium) 

without plant growth regulators. Ten plants from the bacterized and non-bacterized treatments were 

challenged with V. dahliae at the level of 105 conidia'inL"1. The in vzYro-infection method with V. dahliae 

is the same as the in vitro infection procedure in Chapter 2. Disease severity ratings (foliar chlorosis 

ratings) were taken at 2 and 4 wk and plant height was recorded at 4 weeks after inoculation. 

Statistical analysis 

A completely randomized design was used for the above experiments. Mint cultures were randomly 

selected culture boxes and randomly assigned to each treatment. Statistical analysis was done using the 

SAS system (SAS Institute, 2000). The differences in group means were analyzed using ANOVA and 

Fischer's Protected LSD test (p = 0.05). 

Results 

In vitro inhibition of endogenous bacteria on the growth of V. dahliae 

Of the 34 endogenous bacterial strains screened for inhibition of V. dahliae in vitro, 10 produced a zone of 

inhibition around colonies of V. dahliae on PDA and one strain {P. fluorescens (Pf-5)) produced a zone on 

KB medium as well (Figure 1). Nine of thee 10 strains produced a zone of inhibition around colonies of V. 

dahliae in the secondary screen (Table 1). P. fluorescens (Pf-5) produced the widest zone of inhibition to V. 

dahliae on both PDA and KB media. 



33 

Figure 1. Effects of P. fluorescens (Pf-5) on the growth of Verticillium dahliae on PDA and KB medium. 
Control on PDA is black due to development of microsclerotia. Control on KB is white due to hyphae. 
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Figure 2. Suppressing effects of Xanthomonas strains (G" group) on the growth of K. dahliae on PDA 
medium. Inhibition zones next to the bacterial "Z" are black and the fungal hyphae are white Control on 
PDA is black due to microsclerotia. 
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Table 1. Radius of inhibitory zone from the edge of the bacterial colony on PDA medium in the secondary 
screen (Bacterial strains that didn't produce a zone of inhibition are not listed). 

Genus Group Bacteria strain        Radius of inhibitory zone (cm) 

Xanthomonas        G" group 

G+ group 

Men 55 
Men 58 
Men 59 
Men 214 

M557B 

2.4 
2.0 
2.15 
2.4 

1.85 

Pseudomonas 
fluorescens (Pf-5) 

3.9 

Unknown M557A 
FRA645 
FRA939 

1.3 
2.3 
1.8 

Growth response to bacterization 

Bacterization had no effect on plant growth (height) in this study. There was no significant difference 

between bacterized plants and the PBS control (p-value > 0.1) at 4 wks regardless of bacterial 

concentration. 

Inoculation of bacterized in vitro plants with V. dahliae 

Overall, no significant potential biological control effects on infected cultures were observed (data not 

shown). However, the results suggest that bacterization provided protection against Verticillium wilt during 

the early stages of plant growth as shown by the low disease ratings early in the test. Compared to the non- 

bacterized cultures challenged with V. dahliae there is a delay in wilting symptom expression that could be 

considered evidence of disease resistance. 

Discussion 

In our study, no significant growth enhancing or harmful effects on in-v/fro-grown spearmint plants were 

observed even though many studies confirm the potential function of endophytic bacteria in promoting 

disease  resistance  (Gregory  et al.,   1986;  Hall et al.,   1986;  Murdoch et  al.,   1984;  O'Brien et al., 
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1984;Kloepper et al, 1989; Liu et al, 1995; Quadt-Hallmann et al., 1997; Sharma et al.,1998). In our study, 

9 bacteria produced zone of inhibition around colonies of V. dahliae, however, there were no significant 

effect on infected mint cultures as determined by disease ratings and plant height (p-value > 0.1). However, 

a delay in wilting symptom expression in bacterized mint cultures could be considered as suggestive 

evidence of the potential biological control effects. Due to the limited mint cultivars and inoculation levels 

of Verticilliiim conidia tested in this study, further studies should be considered to confirm the growth 

response of mint cultures and potential function of endophytic bacteria in promoting mint disease 

resistance. 

To further test the growth response of mint cultures and potential function of endophytic bacteria in 

promoting mint disease resistance, other mint cultures especially those more susceptible cultivars, other 

inoculation levels of V. dahliae especially lower levels, combination of endophytic bacteria stains, and 

extension of growth period of endophytic bacterized plants before challenging with V. dahliae should be 

considered. 
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CHAPTER 4. Conclusions 

Standard Verticillium culture procedures easily detected Verticillium infections in mint tissue cultures. This 

study indicated the utility of testing for Verticillium and the safety of micropropagated mint shoots for 

certified planting stock programs. 

There were significant differences in disease severity and plant height symptom expression between control 

and infected in-vitro shoot cultures at all conidia concentrations for the four mints tested measured. 

Disease-symptom ratings were proportional to the V. dahliae inoculum density. Shoot cultures were 

stunted when inoculated with > 103 conidia'mL'1. Stem thickness varied among different cultivars and 

disease severity. Disease-symptoms confirmed the disease physiology reported elsewhere. However, 

growth of axillary shoots observed indicating the potential of obtaining fungus-free mint cultures from 

severely wilted in-vitro cultures. 

Shoot-tip culture can be used to obtain fungus-free mint cultures from stocks infected with Verticillium. 

The most effective shoot length for fungus elimination was 3-5 mm, however, the chances of successful 

production of Verticillium-free shoot tips also depended on disease severity and cultivar. 

Nine entophytic bacteria showed obvious suppressing effects on the growth of V. dahliae, in which 

Pseudomonas fluorescens (Pf-5) produced the most obvious effects. No significant promoting effects of 

the bacterization procedure on the growth of in-vitro mint cultures and disease resistance was observed. 

However, there is suggestive evidence that bacterization provided protection against Verticillium wilt 

during the early stages of plant growth as determined by delayed disease symptoms. 

To further confirm the growth response of mint cultures and potential function of endophytic bacteria in 

promoting mint disease resistance, additional mint cultures especially more susceptible cultivars, other 

inoculation levels of V. dahliae especially lower levels, combinations of endophytic bacterial strains, and 

extension of the growth period of endophytic bacterized plants before challenging with V. dahliae should 

be considered. 
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Appendix 1 
Certification of mint in vitro cultures as free o/Verticillium dahliae 

Verticillium effects on in-vitro plantlets (Normal symptoms of V. dahliae on in vitro 
plantlets) 

/w-Wfro-infected mint cultures exhibited symptoms similar to those of field-grown mint plants. However, 
the most typical diagnostic symptom in the field, unilateral development of young leaves was not observed 
among m-Wfro-infected plants. Symptoms varied among cultivars and with inoculation density. 

In-vitro infected mint plantlets of all cultivars were stunted, however, shortening of the terminal intemodes 
and smaller than normal terminal leaves were observed only on Scotch spearmint. The earliest symptom in 
peppermint was foliar chlorosis and discoloration of the stem. Wilting of spearmint shoot tips was observed 
late in the infection process (see Fig. 1) 

Symptoms 
Peppermint Mentha x piperita L. 
Initial symptoms are browning of the lower stems followed by foliar chlorosis and loss of leaves. Within 2 
weeks the entire stem is brown and beginning to wilt. Finally, shoot tips wilt and brown and leaves dehisce. 
Mycelium is normally evident on the plant tissue culture medium. Specific cultivars observed: 'Todds's 
Mitcham' and 'Black Mitcham'. 

Native spearmint Mentha spicata L. 
Initial symptoms are browning of the lower stems followed by foliar chlorosis and loss of leaves. Some 
foliar chlorosis is evident within 4 weeks, however, browning and wilting of upper stems and leaves does 
not occur until 6 weeks or later. Mycelium is normally evident on the plant tissue culture medium. 

Scotch spearmint Mentha x gracilis Sole 
Initial symptoms are shortening of the intemodes giving the plants a stunted appearance. This is followed 
by thickening and possibly splitting of the stem. Some foliar chlorosis is evident within 4 weeks, however, 
browning and wilting does not occur until 6 weeks. Mycelium is normally evident on the plant tissue 
culture medium. 

Testing for Verticillium infection 

Remove leaves from 8-10 in-vitro grown shoots of each cultivar. Cut stems into 3- 5 mm long segments 
and plate upright in Petri dishes (100 x 15 mm) containing 20 mL potato dextrose agar (PDA). Observe 
the stem sections and media for the presence of Verticillium after 2 wk. 

Indications of Verticillium dahliae on potato dextrose agar will be dark microsclerotia at the base of the 
stems and on the medium. On plant tissue culture medium the fungus will appear as white mycelium at the 
base of the plant (see Fig. 2). 


