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ABSTRACT 

Pseudomortas aureofaciens 30-84 is a soilbome bacterium that colonizes the wheat 

rhizosphere. This strain produces three phenazine antibiotics which ate responsible for 

both suppression of take-all disease of wheat caused by Gaeumannomyces graminis var. 

tritici and enhanced survival of30-84 within the wheat rhizosphere in competition with 

other organisms. A gene (phzR) was identified just prior to the start of this work that is 

required for phenazine production by 30-84. PhzR was identified as a positive regulator of 

the phenazine biosynthetic operon. During the course of this dissertation it was discovered 

that PhzR belongs to the LuxR family of iV-acyl-L-homoserine lactone-responsive 

transcriptional regulators and ±at phenazine production in P. aureofaciens 30-84 is 

mediated by a diffusible signal molecule. The gene responsible for production of this signal 

{phzD was identified. Both phzl and phzR are required for the production of phenazines in 

vitro. Together these two proteins (PhzR/PhzI) comprise a ^-acyl-L-homoserine lactone 

(AHL) response system that controls phenazine antibiotic production in P. aureofaciens 30-

84. Classic AHL-mediated regulatory systems consist of two proteins, a LuxR homolog 

(PhzR) which transcriptionally activates target gene expression in response to AHL 

produced by the second protein, the Luxl homolog (Phzl). Using HPLC coupled with 

high resolution mass spectroscopy, the specific AHL produced via Phzl has been identified 

as iV-hexanoyl-L-homoserine lactone (HHL). It has been determined that PhzR activates 

phenazine production in conjunction with HHL produced by Phzl via transcriptional 

activation of the phenazine biosynthetic gene phzB. A variety of synthetic AHLs restore 

transcription of phzB and phenazine production in phzl mutants suggesting that ph  ̂

mutants can be used to detect the presence of exogenous AHLs. This ability was exploited 

to show that HHL is required for phenazine expression in situ and is an effective inter-
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population signal molecule in the wheat rhizosphere. The work presented in this 

dissertation is the first to show that AHL-mediated regulation, previously only examined in 

vitro, can operate within the natural habitat of a bacteriimi. 
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I. INTRODUCTION 

The rhizosphere is defined as the area directly adjacent to plant roots which is 

influenced by root exudates (52). This region harbors a diverse array of microorganisms 

which compete to secure these exudates in order to survive and persist. It is into this 

complex microcosm that biological control agents (BCAs) are introduced in what is 

commonly referred to as applied biological control. Biological control has been defined as 

the "reduction of the amount of inoculum or disease-producing activity of a pathogen 

accomplished by or through one or more organisms other than man" (40). This use of 

microorganisms to control plant disease stems from early observations of naturally 

suppressive soils. Suppressive soils reduce the impact of various diseases on plants grown 

in these soils even in the presence of an active and virulent pathogen population (185). 

This ability is due largely to the microbial components harbored within the soils. 

Following this discovery, it was proposed that isolation of the specific antagonistic 

microorganisms within such soils and subsequent reapplication of these organisms to 

plants grown in pathogen infested soils should protect the plants from serious infection in 

the same manner as the original suppressive soils. Despite the ability of such organisms to 

inhibit target pathogens in vitro, applied BCAs have provided only limited and inconsistent 

control of disease in the field (227). However, since consistent and effective applied 

biological control offers a number of potentially significant economic and environmental 

advantages over chemical methods of disease control, research designed to improve 

biological control has continued. Isolation and testing of numerous organisms from 

suppressive soils continues and has been complemented by smdies which examine the 

mechanisms by which these microbes effect disease suppression. Further research has 

been directed towards elucidating the genetic controls which mediate expression of gene 
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products involved in pathogen suppression with the ultimate goal of improving the 

consistency and effectiveness of biological control. As we leam more about how the 

expression of genes is linked to higher processes of interspecies antagonism and 

competition it is becoming apparent that we can no longer look at biological control as an 

isolated phenomenon. We must examine the impact of the local environment, both abiotic 

and biotic, on the expression of suppressive mechanisms within a biological control agent. 

An examination of these factors is essential because biological control is not simply a 

superficial interaction between a biological control agent, a pathogen, and a plant host, but 

is actually a complex communiQr interaction in which myriad components are intrinsically 

meshed together resulting in effective control of plant disease. 

This work describes the characterization of a A/^acyl-L-homoserine lactone (AHL) 

mediated regulatory system in Pseudomonas aureofaciens strain 30-84 that controls the 

production of phenazine antibiotics. These antibiotics are the primary mechanism by which 

this bacterium inhibits various fungal pathogens, including the causative agent of take-all of 

wheat, Gaeumannomyces graminis var. tritici (Ggt). The main focus of this dissertation 

was to characterize the PhzI/PhzR AHL response system of 30-84 and determine if this 

regulatory mechanism fimctioned in situ. The phzR and phzl genes were characterized and 

the specific structure of the AHL produced by Phzl was determined. Finally, this system 

was shown to mediate inter-population communication between genetically distinct 

populations in situ in the rhizosphere of wheat. A secondary goal of this work was to 

initiate studies designed to determine if other bacterial species, normally found in the wheat 

rhizosphere could interact with this system via the production of AHLs. This second 

objective has also been met and initial evidence indicates that different bacterial species 

isolated from the wheat rhizosphere can interact with the PhzI/PhzR system presumably via 

AHLs. Continuation of this work should lead to a number of interesting discoveries 
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concerning the role of AHL-mediated cross-talk in situ and its influence on competition and 

biological control by strain 30-84. 

The work and various reporter strains described herein provide a mechanism by 

which the effect of the local biotic community on gene expression can be examined directly 

in the rhizosphere. A connection between this regulatory system and a second classic two-

component regulatory system which controls expression of the AHL signal molecule has 

also been characterized (163). Two-component regulatory systems are commonly thought 

to mediate gene expression in response to a variety of signals present in the host 

environment. Thus, 30-84 provides an excellent model system in which to examine the 

influence of both biotic and abiotic components of the rhizosphere on the expression of 

genes essential for competition and biological control. The ability to study these 

interactions at the genetic level directly in the rhizosphere provides a powerful tool to 

answer a number of questions related to both rhizosphere ecology and biological control. 

These methods will allow the in situ study of AHL-mediated community interactions 

between species. They will also facilitate an in situ evaluation of the potential success of an 

applied biological control agent by using this system as a sensor in various field soils prior 

to the introduction of the agent on a large scale. 

AHL-mediated interactions between discrete populations have been predicted to 

occur in a number of microbe-host interactions including symbiotic, plant pathogenic, 

human pathogenic and biological control interactions although prior to this work, no direct 

evidence in support of this hypothesis was available. The ability to smdy these interactions 

in situ will allow a better understanding of the effect of the local biotic communities on the 

outcome of sj^biosis, disease and biological control. This is an important first step that 

hopefully will lead to the development of new methods by which pathogenic and biological 

control agents may be manipulated to result in reduced disease. 
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BACKGROUND 

TAKE-ALL 

Take-all is a disease of wheat caused by the ascomycete fungus Gaeummanomyces 

graminis var tritici (Ggt). Historically, take-all was not a significant problem primarily due 

to the use and practice of the Norfolk 4-course system of crop rotation (wheat, tubers, 

barley, clover) developed during the middle ages. Prior to 1864, English custom and law 

enforced the use of this rotation system and no incidences of take-all were reported (the 

pathogen was probably present in the soil but it did not seriously affect the crops). The 

first report of take-all came from Australia in 1852 shordy after that country began intensive 

cropping of cereals (243). Following a similar trend, take-all first appeared in England in 

the late 1800's after a conversion to increased cereal cropping. Take-all continued to 

increase as agriculture switched from small tenant rotational systems to large scale 

production farming. Both the depression of the 1930's, and World War n led to increases 

in acreage under continuous cereal cultivation in order to increase revenues and to allow a 

smaller agricultural community to provide for an increasingly industrial society. Although 

the U.S. Department of Agriculture issued import restrictions in 1919 intended to prevent 

introduction of the fimgus, take-all was reported in New York in 1920. Presently, take-all 

occurs in all areas of the world under intensive cereal cropping but is most severe in the 

United States, England, and Australia (243). 
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Taxonomy and description of tiie causative agent 

Gaeumannomyces graminis (Sacc.) von Arx & Olivier var. tritici Walker (Ggr) is 

the primary causative agent of take-all in wheat. Ggt is an ascomycete within the family 

Diaporthales, although it was originally classified as Ophiobolus graminis (Pleosporales) 

(3, 124,226). Ggt forms characteristic dark runner hyphae along root surfaces from 

which lateral hyphae emerge and form hyphopodia which initiate infection (124). Hyaline 

sexual spores are formed within perithecia and are forcibly ejected when exposed to water. 

Curved semicircular phialospores are also produced (24, 124). An exhaustive review of 

the historical taxonomy of Ggt as well as a key to the identification of species is available 

(226). 

Inoculum 

Ggt survives saprophyticaUy between susceptible crops on root pieces, straw and 

lower leaf sheaths colonized during the initial infection. These mycelia are the primary 

source of inoculum responsible for the initiation of new infections. Ascospores produced 

by Ggt have also been implicated as a possible source of airborne inoculum (23, 101, 200) 

Although previous work indicated that ascospores would not infect wheat roots in non-

sterile soil (when applied to the surface of the soil). Brooks showed that ascospores could 

cause take-all if applied directly to wheat roots present on the soil surface (23). He 

suggested that this form of inoculation was responsible for causing take-all in land fiieshly 

reclaimed from the sea in the Netherlands; land which presumably would not contain any 

other sources of Ggt. Although this route of infection may occur, it is not likely to be a 

significant source of inoculum since ascospores of Ggt are very susceptible to drying and 
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are unable to penetrate the soil or survive in the presence of antagonists. In addition, most 

of the infection occurs underground where perithecia will not form due to the lack of light 

(101). 

Soil-borne inoculum, on the other hand, is very stable and resists extremes of 

temperature (-20 to 71° C) and moisture (-10 to -5000 kPa), although maximal survival 

occurs in cool (15° Q moist soils (25,101, 190). Inoculum survival is related to the size 

of soil particles within which it resides, with larger pieces (>420 ^iM) being more favorable 

for survival (101,200). Nitrogen availability and barley crops also tend to increase the 

survival of inoculum, while suppressive soils reduce its survivability (190). Since highly 

virulent forms of Ggt survive better than less virulent forms and since only these very 

virulent strains can infect barley, barley may select those strains which are most virulent 

consequentially resulting in increased survival of Ggt. Soilborae inoculum survives by 

active saprophytism of plant debris previously colonized during the parasitic phase. Ggt is 

not a good competitor, however, and relies on occupying enough material during the initial 

infection to allow it to survive between hosts. The spread of soil inoculum is limited to 

approximately 10 cm although it may be spread up to 2.7 m by cultivation (166, 167). An 

interesting theory concerning soil-borne inoculum was proposed by Prew (167). He 

suggested that older inoculum may enter a dormant state which must be activated by host 

root exudates in order to regain its infectivity (this was based on experiments which 

showed no take-all in the first planting of wheat, and none detected in bioassays, but 

disease occurring in the second planting without inoculation). 
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Infection 

Infection is initiated fix)m saprophytically surviving inoculum in the soil and 

possibly on rare occasions by airborne ascospores (for a review of the infection process see 

[200]). This switch from saprophytic to parasitic growth is activated by root exudates from 

susceptible plants (24). These exudates cause mycelia to direct growth toward the root 

source. Studies in vitro have shown that Ggt mycelia can infect roots in soils at a distance 

of 60 mm with a corresponding decrease in the frequency and severity of infection as the 

distance to the root increased (87). Once in contact with the root surface, the hyphae grow 

along the root, usually traveling upward toward the crown. Three types of hyphae are 

formed: brown, thick-walled runner hyphae characteristic of take-all, brown, branching 

hyphae which produce hj^hopodia (infection structures similar to appressoria) and clear, 

thin-walled infection hyphae which penetrate the plant cells. Virulence of Ggt isolates is 

commonly associated with dark black hyphae. Lab and field isolates with white hyphae are 

considered avirulent This black material could be melanin and may be required for 

successful infection although no evidence in support of this hypothesis is available. The 

mycelia will often form sclerotia-like mats on the roots which may serve as inoculum. 

When the hyphopodia contacts the cell wall, it forms an infection peg which releases 

cellulolytic enzymes which degrade the plant cell wall (62). The plant cell responds by 

applying lignin to the interior cell wall opposite the attack to prevent fungal entry. This 

response is non-specific and can be induced by wounding. The plant cell continues to lay 

down lignin while the infection peg continues to dissolve it and move forward. This 

results in the infection peg becoming ensheathed in structures known as lignitubers. 

Eventually, the infection peg will break through and cell death will quickly follow. The 

fungus will either push straight across the cell and attack the neighboring cell (usually 
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directed straight toward the stele), fill the cell with mycelia, or form small balls of tighdy 

interwoven hyphae (microscleiotia). Either may serve as survival structures for the 

fiingus. It takes approximately 2 days to colonize a cell and penetrate through to the 

adjacent cell. Infection proceeds toward the stele until it is blocked by the endodermis. 

The endodermis tends to be highly resistant to fungal penetration and it is here that the plant 

root makes its last stand. The mechanism of this resistance is unknown, but the 

endodermis of very susceptible plants such as wheat is penetrated much easier than that of 

more resistant plants such as barley, oats, rye and triticale. Penetration of the endodermis 

may occur through plasmodesmata and is followed quickly by total destruction of the stele. 

Mycelial spread then moves downward through the stele to the rest of the root. Once the 

root is destroyed, the fimgus reverts to saprophytic growth until firesh roots become 

available. 

Host range and related species 

Over 350 grasses of the family Poaceae are susceptible to infection by Ggt and the 

closely related varieties Gaeumannomyces graminis (Sacc.) von Arx & Olivier var. avenae 

(Turner) Dennis (Gga) and Gaeumannomyces graminis (Sacc.) von Arx & Olivier var. 

graminis {Ggg) (124, 187). Although many wild grasses serve as reservoirs of Ggt, its 

major impact is on cereal crops. Ggt infects wheat, barley, rye, and oats in order of 

increasing resistance (187). Ggt can also infect com, rice, millet and sorghum although 

they are significantly more resistant. Gga is able to infect oats (which are highly resistant 

to Ggt due to the secretion of avenicin and aescin firom roots) through the production of 

avenicinases (47,48, 149, 187,244,245). Gga also infects other cereals susceptible to 

Ggt as well as turf grasses (124, 187). Ggg causes crown sheath rot of rice as well as 
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being able to infect soybean (the only host which is not a grass) but is unable to infect 

wheat (124, 174, 187). Resistance occurs between species as described above, but the 

mechanism of this resistance is little understood except in oats. Although researchers have 

spent years trying to isolate resistant varieties, very little success has been achieved as there 

is little or no variation in resistance between cultivars (187). 

Diagnosis and symptoms 

Field 

Since Ggt grows so slowly, it is usually not apparent in the field until after heads 

are formed although it may be evident upon examination of the root systems of infected 

plants (for a review of diagnosis and symptoms see [35]). Seedlings infected early may 

die, leaving patches in the field which then become colonized by weeds. Take-all infected 

plants show premature ripening of the grain which is often shriveled and covered with 

opportunistic fimgi. These premature heads are referred to as 'whiteheads' and are 

somewhat characteristic of the disease although several other factors can lead to their 

formation. Black plate mycelium are often found under the leaves at the base of the stem. 

The stem base is said to have a very characteristic sooty black matte appearance which 

differs firom similar symptoms produced by Pseudocercosporella or Fusarium. Under drier 

conditions, the discoloration may vary firom grey to green-brown. Perithecia may also be 

seen protruding firom the base of the stem. Reduced tillering and furling of the leaves may 

also occur. The roots of take-all infected plants are blackened and rotted, especially near 

the crown which is all that may remain of the root system. Due to the extreme root 
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damage, plants are very easily pulled firom the ground and often fall over (lodge). Dark 

runner hyphae covering the roots is also characteristic of take-all. Root tissues will show 

vascular discoloration and blockage. 

Laboratory 

As with all diseases, definitive identification of the causal agent must be made in the 

laboratory. Pathogenicity tests on various hosts may be performed, as well as growth and 

observation of the agent to enable identification of characteristic structures such as 

hyphopodia, perithecia, and conidia (226). Since most other root pathogens have 

multinucleate hyphal tips the identification of predominantly uninucleate hyphal tips is 

characteristic. Fluorescent antibodies can be used to identify Gg species and isoelectric 

focusing of mycelial proteins is able to differentiate between Ggg and Ggt/Gga (101). A 

number of semi-selective media exist that facilitate laboratory distinction between Ggt and 

other root pathogenic fungi such as Pythium, Rhizoctonia and Fusariim spp. isolated from 

infected wheat roots (64,107). More rapid and cost effective diagnosis could be attained 

using PGR based detection of Ggt directly in soil although the specificity of such methods 

is currently limited to Gg spp. (109). 
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Control of Take*all 

Environment, nutrients and soils 

As would be expected, the soil environment has a significant effect on the incidence 

and severity of take-all. The complex interplay of temperature, moisture, soil composition, 

pH and nutrient levels and their effects on take-all have been extensively studied. 

Unfortunately, due to the large number of known and unknown variables involved, much 

of this work is contradictory. However, certain trends are apparent and some of the most 

interesting are presented below. 

Temperature 

Although Ggt seems to grow best in pure cultures at 25°C, the most severe disease 

symptoms occur in soils between 5-15°C (102). This effect has been attributed to increased 

microbial competition at the higher temperatures. Lower temperatures favor the initial 

establishment of infection, but once established, Ggt can grow and survive within the host 

up to 30°C (102). An alternate explanation for the occurrence of take-all at higher 

temperatures has been proposed by Smiley et al. (206). These researchers found that 

Phialophora graminicola, a putative biocontrol agent which causes hot-weather patch 

disease of Kentucky bluegrass, could infect wheat seedlings at temperatures above 25°C 

and elicit symptoms similar to take-all. This fimgus increased the growth of grasses at low 

temperatures yet becomes virulent at high temperatures. This suggests that at elevated 
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temperatures, what appears to be take-all may actually be infection by P. graminicola and 

not Ggt. 

Moisture 

As with most soilbome fungal pathogens, Ggt prefers moist soil conditions. Ggt 

grows best between -10 and -100 kPa and is able to survive under extremely dry conditions 

(25,38). Campbell et al. found that disease was most severe under drier conditions (-60 

to -100 kPa) which would allow fungal growth but inhibited the growth of antagonistic 

Bacillus strains (25). This moisture level "window of opportunity" would not exclude the 

growth of key antagonists such as pseudomonads which grow best above -20 kPa. It is 

important to note that although growth and severity of disease are most pronounced under 

high water potentials, Ggt can survive and therefore maintain inoculum under very dry 

conditions. These same dry conditions further enhance the survivability of the inoculum by 

severely restricting the growth and survival of antagonists. For these reasons, fallow 

rotations should be kept moist to increase antagonism and reduce inoculum (38). 

Soils 

Take-all is most severe in coarse, well aerated soils with a pH of 6-7 (38). Due to 

Ggt's preference for high moisture conditions, it is advisable to avoid extended irrigation 

and to maintain proper drainage of soils. Compaction of soil also increases moisture 

content and tends to increase take-all severity by inhibiting root growth (243). There is 

also evidence that soil type may contribute to disease as calcareous clay loams show less 
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disease than highly organic soils such as peat fens (243). The main effect of soil type is 

most probably due to moisture levels, the presence and maintainabillQr of antagonists, pH, 

and the availabili^ of nutrients. 

pH and nutrients 

One of the most important factors in controlling take-all is to provide proper 

nutrition for the plant since any nutrient deficiency increases both the incidence and the 

severity of disease. Soil type, moisture, crowding, tillage, crop sequence, the presence of 

weeds and pH all affect nutrient availability and uptake (102). Of these factors, pH seems 

to exert the most wide ranging effects on pathogenesis so it will be focused upon in this 

section. 

Ggt prefers to grow at pH 7 and hyphal growth decreases with pH until it is 

arrested around pH 4.8 (170, 197,198,205). This helps to explain the fact that take-all is 

most severe in soils with a bulk pH of 6.5-7 and is less severe under more acidic 

conditions (pH >5) (102). Bulk soil pH also affects the number of roots formed by wheat; 

as pH increases, the number of roots formed decreases thereby making the plant more 

susceptible to root pathogens (170). 

The pH of the soil has been shown to affect the availability of trace nutrients in the 

soil and several sources have implicated a role for these trace nutrients in the control of 

take-all (21, 88, 102, 170, 176,231). Iron, zinc, manganese, copper, boron and 

aluminum are soluble at lower pH's (5 - 6), while molybdenum and calcium become more 

soluble at higher pH's (7 - 8) (102,170). As was shown in smdies with Cu deficient 

plants (21), the major effect of nutrient deficiency is to increase the plants susceptibility to 

disease. Supplementing nutrient poor soils and adjusting their pH's to ensure the 
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availability of key nutrients usually results in reduced incidence and severity of disease (21, 

170). 

Other nutrients may play a mote direct role in the control of disease. Chlorine may 

inhibit the uptake of nitrates by roots thereby reducing rhizosphere pH as discussed below 

(102). Manganese is involved in photosynthesis and lignin production and its availability 

may effect the composition and amount of root exudates which affect pathogen growth and 

possibly microbial antagonist populations (24,88,231). Mn also seems to play a major 

role in take-all disease (177). Wheat seeds with higher Mn content (within the same 

cultivar) showed less take-all and produced more grain than seeds with lower Mn contents 

(132). The ability of Ggt isolates to oxidize Mn was positively correlated with their 

virulence in vitro (155). This capacity of Ggt strains to oxidize Mn has also been correlated 

with the extent of take-all decline in soils (171). It has been hypothesized that Ggt reduces 

the activity of host defenses prior to invasion by oxidation of soluble Mn** in the 

rhizoplane. Although no direct evidence for this exists, Schulze et a/.used micro-X-ray 

absorption techniques to show that, consistent with this hypothesis, Mn was oxidized in 

the rhizosphere of take-all infected, but not uninfected roots (186). 

Lime has been added to soils in the past to reduce the effects of aluminum toxicity 

on plants by increasing the bulk soil pH. Although reports are conflicting (102, 197), lime 

addition to soils tends to result in an overall increase in take-all, even though concomitant 

increases in grain yield often obscure this affect temporarily (45,170,198). This increase 

in take-all is not caused by the addition of calcium or magnesium directly but is due rather 

to an increase in soil pH (170). Simon et al. showed an increase in brome and barley 

grasses (which maintain fungal inoculum) in fields treated with lime (45). Other reports 

indicate that liming may destroy or inhibit the suppressiveness of soils (198) and increase 

the growth of pigmented hyphae which are associated with virulence (197). 
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As with ail crops, adequate levels of potassium, phosphorous and nitrogen 

fertilizers should be applied to wheat to ensure healthy plants and good yields. However, 

choosing the correct form of nitrogen to apply is just as important when attempting to 

control take-all. Numerous smdies have shown that using ammonium (NH4-N) versus 

nitrate (NO3-N) nitrogen sources significantly reduces the severity of disease. It is 

important to use some NO3-N however, since the use of NH4-N alone increases the 

severity of take-all (122,202,205). The application of a high ratio of NH4-N: NO3-N 

along with a magnesium supplement optimizes control of take-ail, especially when tilled 

into the soil rather than broadcast (202,205). Various mechanisms have been suggested to 

explain the ability of ammonium to control disease. Graham and Rovira pointed out that 

NH4 enhances the availability of manganese in the soil (probably due to pH) (88). Legget 

et al showed that high levels of NH4NO3 stimulated root and shoot growth thereby 

compensating for losses due to Ggt, however low levels had no effect (122). Ownley et al 

hypothesized that NH4-N may increase root exudates and therefore effect rhizosphere 

antagonism (150). The effects of the specific form of nitrogen used have been linked to 

biological suppression in the soil by Smiley who showed that the greatest variation between 

NH4-N and NO3-N treatments occurs in non-sterile suppressive soils (202, 203). He 

further showed increased percentages of antagonistic pseudomonads occuring in NH4-N 

than in NO3-N treated soils. Other reports indicate that NH4 treatments show no benefits in 

controlling disease and may even decrease the antagonism of soil microorganisms (122, 

197). The most interesting explanation for the effects of NH4-N on disease was proposed 

by Smiley and Cooke (202,205). These authors showed that although there was no 

correlation between the pH of bulk soil and disease for the different nitrogen sources, there 
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was a significant correlation between the pH of the rhizosphere (pHr) and disease incidence 

for the two forms of nitrogen. Plant uptake of NH4 resulted in a concomitant release of H+ 

ions (to maintain internal osmolarity) thereby decreasing pHr, while uptake of NO3 caused 

the release of hydroxyl ions and increased pHp Since the struggle between Ggt and wheat 

occurs in the microcosm of the rhizosphere, significant changes in this environment would 

be expected to play a more important role than that of the bulk soil. These changes in pH 

decreased the inoculum (by limiting growth as discussed above) and increased the 

vulnerability of the fungus to antagonists (202,205). 

Cultural methods of control 

Most cultural practices applicable to the reduction of other diseases also apply to the 

control of take-all. For example, reducing the seeding rates increases the nutrient supplies 

available to individual plants through reduced competition resulting in healthier, more 

resistant plants. The goal of most cultural practices is to reduce disease severity by 

reducing inoculum and by creating an environment which is the least hospitable to the 

growth or survival of the pathogen. Since chemical control of take-all is mostly ineffective 

and consistent biological control is proving elusive, cultural practices and proper nutrition 

are currently the most effective methods for controlling this disease. 

Weeds and volunteers 

Since Ggt is a pathogen of grasses, eliminating weeds and volunteers which can 

serve as alternate hosts is an important method of reducing inoculum. A reduction in 



30 

weeds and volunteers also decreases the loss of soil nutrients such as nitrogen which are 

essential for healthy crops (102,243). Due to increased interest in minimal tillage practices 

for the cultivation of cereals, most weed and volunteer control is accomplished through the 

use of herbicides. 

Tillage, mulching and soil preparation 

As agriculture expanded from individual to large scale farming, traditional mold-

board ploughing was often replaced by minimal tillage practices in order to save time, labor 

and topsoil (243). These no-till systems appear to effect some control of take-all, but the 

results are highly variable. For instance, Rothrock reported that take-all was more severe 

in fields in Georgia which used conventional rather that no-till systems (174). Reports 

from Australia also ascribe limited disease control to no-till systems while English 

researchers found no consistent effects of tillage on control (114, 173,243). Moore and 

Cooke however, showed that no-till practices in the Pacific Northwest have a detrimental 

impact on the incidence of take-all (cited in [243]). Many different factors have been 

proposed to explain these effects. In their favor, minimal tillage practices apparently result 

in increased microbial activity in upper soil layers which may enhance the survival and 

activity of antagonists (243). Studies by Prew further indicate that deep ploughing results 

in increased spread of inoculum (167). Unfortunately, minimal tillage procedures also 

result in increased weeds, more compacted soils which may inhibit root growth, increased 

soil debris (which may maintain inoculum) and decreased mineralization (243). It is 

important to note, however, that one of the key factors in disease control is the presence of 

antagonists; the other factors mentioned above can be easily corrected. In light of this, it is 
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probably best to use reduced tillage practices, both fixini an economic and control 

standpoint, unless the local history contradicts such practice. 

Although most of the inoculum survives on crowns and roots between crops, the 

fate of the straw has some effect on disease (115,174). Studies have shown that leaving 

the straw on top of the soil may increase take-all by promoting survival of inoculum (115, 

242); while mulching straw at 10-15 cm appears to give the best control of take-all, 

especially in warm moist soils which increase the activity of antagonists (114, 115). The 

longer this debris is buried, the lower the inoculum tends to be, so it is important to leave 

as much time as possible between tilling and planting (114,115,243). Yarham noted that 

the practice of burning stubble did not seem to have any effect on inoculum or disease 

although it appears to reduce the activity of denitrifying bacteria in the soil and may 

therefore protect nitrogen stores (242,243). In contrast, a long term field study in Oregon 

showed that burning straw was correlated with increased take-all although this analysis was 

complicated by a number of other factors including precipitation and soil nitrogen levels 

(2(H). 

As was discussed previously, soil management is very important in disease control. 

The most important factor is maintaining proper drainage of the field (242, 243). Soils 

should be pressed to avoid increased take-all but should not be compacted such that root 

growth is restricted. A unique article recently noted that amending soil with the earthworm 

Aporrectodea trapezoides (100/m^) increased seminal root length 94%, grain yield by 56% 

and reduced take-all disease in natural soils seeded with Ggt (208). The authors speculated 

that the activity of the worms allowed deeper root penetration and therefore provided more 

water (and possibly nutrients) to the plants. 
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Crop rotation 

Crop rotatioa is one of the oldest and most usefiil methods for the control of take-

all. Unfortunately, in modem agriculture rotation often must be deferred for financial 

reasons. The effectiveness of crop rotation seems to be based on two interrelated factors; 

the inability of the fungus to survive on non-host crops, and the maintenance of biological 

soil suppressiveness. 

The most effective control is achieved by leaving the land fallow under conditions 

which maintain soil moisture without leaching. This allows the maximal destruction of 

inoculum as long as all weeds and volunteers are controlled (84,88, 102,243). 

The choice of rotation crop has a major impact on disease control. Studies have 

shown that lupins, oats, potatoes, canola, barley, alfalfa and grass leys offer the best 

protection from disease even though biological suppression is lost with all but barley and 

grass leys (59,88, 102,125,243). Grass rotations are most effective if they follow wheat 

and are then plowed into the soil during winter. Even though these grasses support the 

saprophj^c growth of Ggt, they also increase the presence of putative antagonists such as 

Phialophora radicicola and P. graminicola resulting in lower inoculum levels (59,88) 

(NOTE: As appears to be the case in all fimgal classification, P. radicicola and P. 

graminicola are often confused taxonomically in the literature. P. radicicola may be the 

imperfect state of Ggg, and is often attributed with properties of P. graminicola and vice 

versa. In this work I have used the names provided in the primary sources [114, 115, 134, 

226,239]). Although P. graminicola has been implicated as a possible cause of warm 

weather take-all (17), P. radicicola has been shown to significantly reduce take-all when 

applied to wheat in the field (88, 197). P. radicicola grows best on grasses but is able to 
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survive through several wheat crops and may prevent disease and reduce inoculum by 

competing with Ggt for sites on wheat roots (88, 197). 

Beans, sugar beets, com, lucerne, vetch and cmcifer rotations all remove biological 

suppression from the soil and and may even aggravate the severity of take-all (39,56,59, 

102). Bean or soybean rotations appear to be the worst choice as they destroy the 

biological suppression of soils and may maintain and perhaps even enhance inoculum 

levels (39,56, 59). Studies by Rothrock on the other hand, have shown that soybean 

rotations have neither a beneficial nor a detrimental effect on disease incidence or severity 

(174). He also noted that isolates of Ggg did not infect wheat and that Ggt was never 

isolated from bean plants. The presence of Ggg as a possible pathogen of wheat was 

thought to be partially responsible for increased take-all following soybean rotations. Ggg 

does infect wheat but the infection is limited to the first cell layer of the cortex and causes 

little or no damage (56). 

Farmers who desire longer consecutive wheat crops may choose to take advantage 

of the increase in biological suppression developed under continuous wheat crops; a 

phenomenon known as take-all decline. Take-all decline consists of an increase in specific 

biological antagonism which develops only under wheat or barley monocropping (178, 

191,202). The specific suppression associated with take-all decline will result in reduced 

disease severity after two to five years of increased losses (243). This antagonism may 

also develop in fields where no symptoms of take-all are present (usually due to effective 

control through other methods) (175, 191). Occasionally, yields may not recover under 

take-all decline even though disease incidence is apparently reduced (243). hi areas where 

take-all is severe, it is recommended that wheat be grown for the first two years followed 

by three years of barley and a return to wheat when disease appears reduced. Although 

barley is less profitable, it is much more resistant to take-all and is therefore a better choice 

than wheat during the height of take-all severity. Barley may also increase the virulence of 
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Ggt isolates as noted previously although this will not affect the development of effective 

suppression (190). 

Chemical control 

Herbicides 

The introduction of herbicides in the 1940's allowed the expansion of the less labor 

and time intensive practices of minimal tillage. This expansion resulted in another boost in 

the incidence of take-all as more fields moved away fixDm rotations to more intensive cereal 

cultivation. Herbicides, however, also help to reduce take-all by effectively controlling 

weeds and volunteers between crops. The herbicides TCA, dalapon, and glyophosphate 

are effective in this manner while mecocrop, dicamba, ioxynil and herbicides containing 

benzoic acid tend to increase take-all by increasing fungal mycelial growth and root 

susceptibility (243). 

F ungicides 

The significance and effectiveness of fimgicides in controlling take-all can be 

deduced from the fact that only two pages out of 538 are devoted to this topic in the only 

existing monograph on the control of take-all (102). The major drawback in the use of 

fungicides is that it takes enormous amounts of fairly expensive chemicals to achieve only 

variable control (102). Bateman etai define the ideal soil treatment fungicide as being 

polar (to allow its transport to the site of infection), of good activity and of moderate 
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persistence (17). None of the chemicals they tested met these criteria. It is generally 

agreed that the biggest problem with soil fiuigicides is delivering a sufficient concentration 

to the site of infection long enough to be effective (17,44). Good control has been 

achieved in Australia with fungicide applications to fiirrows (17) as well as with soil 

drenches (which are limited in their effectiveness to shallow inoculum) (44). Fungicides 

such as triademonal and flutriafol which inhibit sterol biosynthesis have shown the most 

promise (17,44). Flutriafol applied to soil reduces the saprophytic growth of Ggt but is 

only effective in suppressive soils (44). The author suggests a possible synergism, or at 

least an additive effect between chemical and antagonistic control as being responsible for 

the suppression of disease. 

Seed treatments provide a less expensive method for delivering the fimgicide 

directly to the site of infection but the inability of the fungicide to remain at this site usually 

results in highly variable results. Conner et al have shown seed tteatment with benomyl to 

be the most effective (37). Benomyl treatment appeared to increase yields but its 

effectiveness was highly variable. Benomyl reduces the severity of the disease by delaying 

early onset of symptoms, but has no effect on incidence probably due to its dispersal by 

the time the plant reaches maturi^. It was recommended for these reasons that fungicide 

treatments be accompanied by good cultural practices in order to effectively control disease. 

Soil fimiigation in concert with ammonium nitrogen sources appears to limit take-all 

by reducing nitrification and increasing mineralization (102). Rovira found that 

chloropicrin fumigation was more effective than methyl bromide in reducing take-all (176). 

Methyl bromide selectively destroyed pseudomonad populations (implicated in biological 

control) while chloropicrin not only increased these populations but also increased the 

percentage of antagonistic pseudomonads within these populations. Chloropicrin also 

increased nutrient uptake, yields, root growth and vegetative growth while decreasing the 

severity and incidence of disease. 
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At the time of this writing only Baytan has been legisteied for use against take-all 

(158). Apron and Dividend are also commonly used although they have not yet been 

registered. 

Biological control 

The presence of antagonistic microorganisms is an integral component of many of 

the previously discussed methods of control. Biological control can be defined as the 

application of one or more organisms to seeds or host plants which results in a reduction in 

disease. Biological control offers a number of potential benefits over chemical methods of 

control. It is generally more cost effective as growers typically only need a single 

application of a persistent BCA. It is safer than chemical control and better for the 

environment as the antimicrobics produced occur naturally in soils and are only produced in 

limited quantities. These compounds are also specifically targeted to the site of infection 

thereby enhancing their effectiveness (219). Unfortunately, before the majority of these 

benefits can be manifested, the consistency of applied biological control must be improved 

. In order to improve this consistency, an examination of the biotic and abiotic factors 

which affect the outcome of biological control interactions must be undertaken. 

Competition between organisms residing in the same environment for limited 

resources will result in the formation of a tenuous balance which can be substantially 

altered by only minor environmental changes. Conditions which favor antagonists over 

Ggt will result in a decline in disease, whereas minor changes in these same conditions may 

tilt the balance back and favor increased disease. It is not enough to isolate organisms 

antagonistic to Ggt, these antagonists must also be successful colonists of the rhizosphere, 

good competitors and able to maintain their populations during and between crops as well 
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as being able to inhibit the fungus in situ. When the extreme complexities of ecological and 

rhizosphere interactions are considered, it is no wonder that few consistently effective 

BCAs have been identified. The following sections will attempt to broadly cover a few of 

the more important organisms and mechanisms involved in biological control of Ggt. It 

appears highly unlikely, however, that a single organism will result in control of take-all. 

A synthesis of information concerning the ecological and antagonistic abilities of individual 

organisms, however, may lead to an effective biocontrol strategy by allowing the 

manipulation of a multi-faceted community towards the formation of a stable disease-free 

environment-

Mechanisms of biological control 

A variety of competitive mechanisms exist in BCAs which may effect a reduction in 

the severity of plant disease (96, 160,218,227). These mechanisms exist to enhance the 

general competitive ability of the BCA within its natural environment. Indirect mechanisms 

of competition include the induction of plant host defense systems (hypersensitive 

response, systemic resistance, or cross protection), promotion of plant growth by the agent 

or site exclusion by pre-colonization of the niche occupied by the pathogen. More active 

mechanisms include competition for nutrients (Fe, C, Mn, etc.), displacement of the pre-

established pathogen from its niche, mycoparasitism, and the production of toxic 

metabolites such as HCN and antibiotics. Although the primary role of such mechanisms 

is not usually the inhibition of Ggt, we may take advantage of this outcome during applied 

biological control. Each of these mechanisms will be discussed below when applicable to 

the control of Ggt. 
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Suppressive soils and Take-All Decline 

Suppressive soils are defined as those soils in which disease is limited or non

existent even though both the pathogen and a susceptible host are present (185). Two 

types of suppression are recognized: general and specific (178). General suppression is 

non-transferable, works mainly in bulk soil, and is reduced but not eliminated by moist 

heat or fumigation (41,178). General suppression is caused by higher overall levels of 

microbial activity, NH4-nitrogen uptake by roots, rotation crops, and high soil temperatures 

(178). Specific suppression is transferable, works mainly in the rhizosphere, and is 

eliminated by any form of sterilization or fumigation (41,178). Specific suppression as it 

relates to take-all is caused by continuous cropping of wheat or barley and is responsible 

for the phenomenon of take-all decline (TAD) (178). Both forms of suppression are 

destroyed by autoclaving which indicates that biological agents are involved (41, 178). 

The organisms responsible for specific suppression (TAD) appear to be 

concentrated on diseased roots and inoculum since specific suppression is more easily 

transferred by these materials than by soil alone (41, 178, 202, 227, 228). In addition, 

higher levels of antagonistic pseudomonads are found at these sites in TAD soils than are 

found in conducive soils and the effectiveness of these antagonists is increased if they are 

isolated from TAD soils (29,41,202, 229). Most evidence indicates that Pseudomonas 

spp. are primarily responsible for TAD (28,41,95,229), although fimgi, actinomycetes 

and Bacillus spp. have also been implicated (4,25). Pseudomonads have been shown to 

possess all the essential properties of an effective BCA; they are effective and persistent 

root and rhizosphere colonizers, good competitors, and are antagonistic to Ggt both in vitro 

and in situ (28, 41, 95, 165, 178, 203, 219, 225, 227-229). 
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Specific suppression of Ggt appears to function by reducing inoculum survival, 

germination from inoculum, saprophytic growth of GgU and the number of pigmented 

runner hjrphae, although it does not appear to effect the number of lesions produced by the 

organism (43,190, 195,203,231). TAD soils (specific suppression) also do not affect 

the distance traveled toward the wheat root by the fungus although general suppression 

reduces this significantly (232). Cunningham suggested that TAD was caused by the loss 

of saprophytic survival mechanisms as Ggt switched to a form that is more specialized for 

pathogenicity under conditions where wheat is monocropped (cited in [190]). This would 

result in the decline of inoculum between crops and therefore less disease. Unfortunately, 

this hypothesis is difficult to test since total populations of Ggt (virulent and avirulent) are 

difficult to distinguish due to the fact that detection is based primarily on the ability of the 

organism to cause disease (101). Other mechanisms involved in TAD suppression are 

bacterial inhibition through the production of antimicrobics or siderophores, fimgal or plant 

induction of specific bacterial antagonism, bacterial inhibition of fungal root urophism, non

specific induction of host defenses, substrate competition and niche exclusion (41, 160, 

217, 227). 

Mycoviruses 

The presence of dsRNA viruses in plant pathogenic fungi have been shown to 

cause hypovirulence in C. parasitica and are responsible for the production of host specific 

toxins in S. cerevisiae and U. maydis (146). For this reason, substantial interest was 

generated when Lemaire etal found dsRNA viruses associated with hypovirulent strains of 

Ggt (168). Unfortunately, this correlation turned out to be coincidental and fiuther work 

could not link the presence of viral particles or dsRNA to hypovimlence, loss of 
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pathogenicity, take-all decline, or the production of self inhibitors in Ggf (134, 143,144, 

146, 168). 

Cross-Protection 

Wong defines cross protection as:" The protection of a plant from infection by a 

microbial pathogen following the simultaneous or prior exposure to another 

microorganism" (239). P. graminicola, P. radicicola, Fusarium oxysporum, hjqx)virulent 

Ggt, and non-pathogenic Ggg all reduce take-all severity when applied in high ratios before 

planting to soils containing low levels of Ggt inoculum (54-56,239). These fungi are 

avinilent on wheat and appear to protect by colonizing the root prior to Ggt and preventing 

its subsequent establishment (239). P. radicicola and P. graminicola may also stimulate the 

lignification process in the endodermis (within the entire affected root) and thereby limit ±e 

spread of any subsequent Ggt infections (239). P. graminicola also induces the formation 

of caffeic acid (a lignin precursor) which reduced the growth of Ggt in vitro and may 

perform a similar fiinction in situ. As previously discussed, the Phialophora spp. are 

enhanced by grass rotations and tend to decline under 3-4 crops of wheat (54,56, 239). 

Fungal and protozoan antagonists 

A large number of fungi have been isolated that show antagonism towards Ggt in 

addition to those previously mentioned. Pythium oligandrum, Pythium acanthicum, 

Trichoderma viride, Didymella exitialis and Gliocladium roseum were shown to be 

mycoparasites of Ggt (56). In a study of suppressive soils in Montana Andrade et al. 
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suggested that suppression in one soil type was due to mycoparasitism (4). Trichoderma 

koningii {Trichoderma spp. make up the largest percentage of fungi found in suppressive 

soils) was shown to reduce saprophytic growth of Ggt and reduce take-all when inoculated 

prior to planting (63, 194). Trichoderma spp. in general also proliferate in acid soils which 

tend to be suppressive to Ggt (194, 196,198). Aspergillus terreus was reported to reduce 

take-aU at low inoculum levels and inhibited Ggt in vitro (84). Unfortunately, A. terreus 

tends to kill wheat at higher inoculum levels and is therefore a poor choice as a biocontrol 

agent. Soil amendments withGg^ and Phialophora spp. were found to reduce take-all 

severity in several field studies (65,240). A number of unidentified plant growth-

promoting fiingi were also found to reduce the severity of take-all (192). The authors 

speculated that the reduction in disease severity was due to prior root colonization by these 

fungi which blocked subsequent infection by Ggt. 

A sterile red fungus (SRF) was isolated by Dewan and Sivasithamparam which 

provided exceptional protection against Ggt in both sterile and non-sterile soils (58, 59). 

This fluigus appears to reduce take-all through three separate mechanisms: it produces a 

diffusible antibiotic which may be involved in direct antagonism of Ggt, it colonizes the 

root cortex quickly thus preventing Ggt infection by prior possession, and it stimulates 

plant and root growth thereby making the plant more resistant to the effects of take-all. In 

addition to these attributes, the SRF also promotes the growth of common rotation crops 

such as barley, chick pea, lupins, oats, peas, rape, rye and others (58). This SRF seems to 

have the same growth requirements as Ggt, occupies the same niche, and survives well on 

all rotation crops, thereby making it an ideal choice for a biocontrol agent. 

Ggt has also been found to inhibit its own growth through the production of an 

inhibitor called Q factor (134,144). Closely related fungi such as Ggg and Phialophora 

spp. were also inhibited by this factor. Although the production of inhibitor was not linked 

to the presence of a mycovirus, it was produced by 95% of non-pathogenic isolates of Ggt 
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versus 24% of pathogenic isolates (in which it was only very weakly produced). The 

inhibitor also reduced the growth of the isolate producing it but was not lethal to any 

organism tested. It was suggested that production of this inhibitor might increase 

saprophytic survival of Ggt by repressing the growth of fungal competitors, a mechanism 

which could then be repressed during parasitic growth. 

Work by Chakraborty and Warcup in the early 1980's implicated mycophagous 

amoebae from suppressive soils in the control of take-all (28,29). These researchers 

found higher populations of mycophagous amoebae associated with wheat roots and Ggt 

inoculum in suppressive than in conducive soils. These amoebae were found associated 

with, and were able to lyse pigmented hyphae of Ggt (28). The authors showed that food 

supply rather than water was the primary factor influencing amoebae populations. 

Mycophagus amoebae populations increased under crops and decreased between crops 

with the populations appearing to correspond to Ggt population levels. They also 

suggested a correlation between the stimulation of Pseudomonas populations in the 

rhizosphere and those of mycophagus amoebae, the dual effect of which would be to 

enhance the control of Ggt. 

Bacterial antagonists 

Various Bacillus and Streptomyces spp. have been isolated as possible antagonists 

from suppressive soils. Although spore-forming bacteria would tend to be very resistant to 

harsh environmental conditions (which might increase their survival in bulk soil), there 

have only been a few reports linking Bacillus to reduction of take-all (25). Bacillus cereiis 

and B. pumilus have been shown to reduce take-all but this antagonism is reduced in all but 

the wettest soils while that of Pseudomonas species is effective over a much wider range 
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(25). Bacillus and other Gram positive organisms are also inhibited in the rhizosphere 

while Gram negative organisms tend to proliferate (28). Spore forming bacteria appear to 

play a more important role in general than in specific soil antagonism (41). Streptomyces 

spp. are known to produce many antibiotics but they are poor rhizosphere competitors 

although they appear to be better antagonists than pseudomonads in soils fertilized with 

NO3 (202, 203). 

Studies by Cook and Rovira have shown that fluorescent Pseudomonas spp. are 

primarily responsible for the specific suppression associated with TAD (41). Out of 100 

microorganisms screened fiwm suppressive soils, only eight were antagonistic towards 

Ggt. All of these were pseudomonads. Further work has shown that antagonistic 

Pseudomonas populations increase lOO-lOCX) fold on diseased versus healthy tissue while 

other soil populations remain constant (41,228). Numerous fluorescent Pseudomonas 

spp. have been isolated firom suppressive soils and inhibit Ggt in vitro and in situ ([95, 

219,225,227-229] for a nice review see [218]). Studies have also shown a correlation 

between the ability of such strains to inhibit the fungus in vitro with their ability to prevent 

take-all in the field (165). Seed treatments and soil amendments with these organisms can 

effectively reduce take-all; unfortunately this effect is somewhat variable (219,227,228). 

While attempting to isolate organisms from suppressive soils which inhibit the 

target pathogen, it is important to determine if the compounds produced by these bacteria 

are phytotoxic. One report by Leggett et al implicated reduced wheat seed germination with 

the application of the biocontrol strain Pseudomonas flourescens 2-79 (122). These 

researchers were unable to show that these treatments controlled take-all. These studies 

were done in acidic soils (pH < 5), however, which reduces the effectiveness of bacterial 

control (22, 122, 150). 

Fluorescent Pseudomonas spp. inhibit Ggt and control take-all primarily through 

the production of antibiotics (95, 160, 218, 219,225, 229). It has been suggested that 
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these antibiotics are analogous to the inherent plant defense systems such as phytoalexins 

and that plants which recruit bacteria producing these compounds would have an 

evolutionary advangtage (42). A number of Pseudomonas isolates produce phenazine 

antibiotics which have been shown to inhibit Ggt both in vitro and in the field (95,160, 

218,219,229). Studies have shown that Pseudomonas flourescens 2-79 and 

Pseitdomonas aureofaciens 30-84 produce phenazines in the wheat rhizosphere which is 

responsible for their ability to reduce the severity of take-all (162,219). Mutants of these 

strains which do not produce phenazines were unable to control take-all (219). P. 

fluorescens 2-79 was also shown to specifically colonize lesion sites on diseased roots. It 

was also noted that the rhizosphere populations and antibiotic production of these strains 

was increased in steam sterilized soils as compared to natural soils. Rhizosphere 

interactions with other organisms may affect the ability of these strains to produce 

phenazines. 

The ability to selectively target specific antibiotics at low constitutive levels to the 

site of pathogen attack is one of the most promising attributes of biological versus chemical 

control (219). In addition to phenazines, a number of bacteria produce other antibiotics 

such as 2,4'diacetophloroglucinol (Phi) (225), pyrrohiitrin and pyoluteorin which also 

effectively inhibit a variety of fungal pathogens including Ggt (218). The genes required 

for production of Phi (8), pyrrolnitrin (157), and pyoluteorin (116) have been cloned. 

Other factors such as anthranilic acid (a phenazine precursor which may function as a 

siderophore) and siderophores have been implicated in control, although they play a minor 

role at best (95, 111, 229). 

One area requiring further research is the development of methodologies to apply 

these bacteria to large seed lots. It is important that factors such as phytotoxicity and 

viability be considered during this process. Slininger et al. have done preliminary work in 

this direction with P. fluorescens 2-79 and found that cells grown to late log phase and 
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applied to the seeds using water suspensions showed increased survival and storage while 

still maintaining the ability to suppress take-all (201). 

The use of bacterial mixtures in biological control 

Although many different antagonistic organisms have been isolated which inhibit 

Ggt in vitro, their performance under field conditions has been highly inconsistent. It has 

been suggested that this inconsistency may be due to variations in ecological competence or 

root colonization as well as variable expression of antagonism under different 

environmental conditions (227). Few studies, however, describe the interrelationship 

between multiple antagonists, pathogens, and the general microbial populations within the 

soil environment and rhizosphere. Mazzola and Cook showed that Ggt and R. solani 

infections increased the populations of Pseudomonasflourescens biocontrol strains 2-79 

and Q72a-80 on plant hosts while various Pythium isolates tended to depress or eliminate 

these populations (129). A number of researchers have shown that the application of 

multiple bacterial antagonists in field plots can result in increased control of take-all when 

compared to the use of each strain individually (159,217,227). In a similiar direction, 

Duffy et al. have attempted to use a combination of both bacterial and fimgal antagonists to 

control take-all (63,65). The fimgal antagonists used in these studies (Ggg and 

Trichoderma koningii) significandy reduced take-all severity in both growth chamber and 

field studies although their performance varied between fields. Combinations of fungal and 

bacterial antagonists slightly increased suppression of take-all in vitro when either fungal 

antagonist was used. However, only T. koningii combined with bacterial antagonists 

resulted in enhanced disease suppression in field studies. The authors suggest that each 
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antagonist may operate at different stages of the disease interaction thus making the use of 

complex mixtures of applied BCA's more effective at controlling disease. 

Bacterial mixtures may enhance disease control by various mechanisms. They may 

act at discrete overlapping stages in the disease interaction as suggested above (65). In 

addition, synergistic or additive interactions may occur between the various competitive 

mechanisms utilized by BCA's. Mazzola etal. found that Ggr populations in vitro were 

differentially sensitive to the antibiotics produced by P. aureofaciens (referred to as P. 

chlororaphis) 30-84 (PCA, 2-OH-PCA, 2-OH-PZ) and P. flourescens strains 2-79 (PCA) 

and Q2-87 (Phi) (131). PCA-resistant Ggt isolates caused disease in plants treated with 

30-84 or 2-79 but not those treated with Q2-87. The corollary of these results was also 

shown using Phi resistant strains of Ggt. These results suggested that bacterial mixtures 

may enhance control by targeting distinct genetic populations of Ggt with a range of 

antimicrobics. Finally, it seems likely that the influence of the local biotic and abiotic 

community on the expression of competitive mechanisms in situ could have a significant 

impact on the outcome of the biological control interaction. Smdies by Pierson and Weller 

indicated that specific combinations of Pseudomonas spp. resulted in greater control in situ 

than any of the individual strains used alone (159). This was the case even though a 

number of these strains used alone did not inhibit Ggt in vitro or effect any reduction in 

disease in situ. One possible interpretation of this data is that the strains which did not 

contribute to disease suppression on their own may have enhanced the ability of antagonists 

in the mixture to produce compounds which resulted in control of Ggt. It may also be that 

the non-antagonistic strains produce antagonistic compounds when in association with the 

other strains. 

Due to the complex interrelationships which occur between rhizosphere populations 

as indicated by these studies, it is apparent that more research should be directed toward 

understanding these relationships in order to enhance the effectiveness of biological 
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control. Experiments should be designed to determine the effects of the indigenous 

rhizosphere populations on the effectiveness of introduced BCAs, disease control, 

production of compounds implicated in antagonism and population djoiamics. A fiirtber 

understanding of how various biological control strains interact in the rhizosphere 

environment with each other, and with the indigenous populations, will enable the 

development of more consistent and therefore more effective biological control strategies. 

iV-ACYL-L-HOMOSERINE LACTONE-MEDIATED GENE REGULATION 

Introduction 

Bacterial populations utilize a variety of intra-population signal molecules to mediate 

numerous physiological traits (238). The iV-acyl-L-homoserine lactones (AHLs) constimte 

perhaps the largest and best studied group of such molecules. Due to the recent interest in 

this field, a significant number of review articles exist that cover all aspects of AHL-

mediated gene regulation in Gram negative bacteria (66, 79,80,90, 182,212,214, 215, 

233). Those readers wishing an intensive review of the primary literature are referred to 

either of the recent reviews by Dunlap or Fuqua et al. (66,79). 

In 1970, researchers working with the squid light organ symbiont Vibrio fischeri 

published the first paper describing a phenomenon which they called 'autoinduction' (145). 

They noted that bioluminescence of laboratory cultures was delayed until high cell densities 

had been obtained at which point a rapid induction of light emmission occurred. Since this 

took place without external stimuli, they assumed that this must "be attributed to a 

conditioning of the medium effected by the growing cells", hence the term 'autoinduction'. 
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The observation that bioiuminescence was activated at a specific cell-density also led to the 

term 'cell-density dependent' regulation. Subsequent work has shown that V. fischeri 

cultures 'condition' the medium by producing a diffusible signal molecule, often referred to 

as an 'autoinducer', which was identified as iV-(3-oxohexanoyl)-L-homoserine lactone 

(OHHL) (68). This original observation has since led to the discovery of a conserved 

family of regulatoty proteins in diverse Gram negative bacteria which produce and respond 

to various AHLs (79). This type of regulation has been recently refered to as 'quorum 

sensing' since it was suggested that sufficient bacteria must be present and presumably in 

agreement (i.e. a quorum) prior to coordinate induction of gene expression within the 

population as a whole (80). 

Defining a model for AHL-mediated regulation 

AHL mediated gene regulation requires two proteins, a AHL synthetase and a AHL 

responsive transcriptional regulator. These proteins belong to the Luxl and LuxR families, 

respectively, based on their similarity to the original proteins found to regulate 

bioiuminescence in V. fischeri (80) (see below). It has long been known that Luxl 

homologs were required for the synthesis of specific AHLs although little direct evidence 

for their role as AHL synthetases was available. Recently, evidence that the Luxl 

homologs in both V. fischeri (Luxl) and Agrobacterium tumefaciens (Tral) synthesize their 

respective AHLs in vitro has been provided. Shaeffer et al. purified Luxl and found that it 

was able to catalyze the formation of an amide bond between S-adenosylmethionine (SAM) 

and specific acyl-acyl carrier protein complexes to form the cognate AHLs produced by 

Luxl (183). More et al. similarly used purified Tral to show that 3-oxo-octanoyl-acyl 

carrier protein, but not 3-oxo-octanoyl-coenz5m[ie A cellular substrates, were used by Tral 
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in the formation of the cognate iV-(3-oxo-oxanoyl)-L-homoserine lactone (OOHL) molecule 

produced by A. tumefaciens (139). Studies using radiolabeled OHHL show that internal 

and external levels of labeled OHHL rapidly equilibrate (i.e. within 20 s) (108). 

Concentrations of OHHL as low as 10 nM (which is equivalent to 1-2 molecules per cell) 

were sufficient for induction of target gene transcription. In a separate study, Adar and 

Ulitzer estimated the af^ty constant for autoinducer binding to LuxR at 7 x 10"* M (1). 

This data indicates that AHLs are membrane permeable, fteely diffusible, and must attain a 

specific intra-cellular concentration prior to induction of the target operon. 

LuxR homologs are AHL-responsive regulators of target gene transcription which 

appear to be localized in the cell membrane (113). These proteins contain at least two 

distinct domains, an AHL recognition domain which resides in the N-terminus and a helix-

tum-helix DNA binding domain in the C-terminus (80). 

Very little direct evidence that AHLs bind to their cognate LuxR homologs is 

available. A number of studies using deletions and point mutations within the LuxR 

protein of V. fischeri have suggested that OHHL binds within the N-terminus of LuxR 

(33). More direct evidence was provided by Hanzelka and Greenberg who were able to 

show that radiolabeled OHHL bound to E. coli cells which overexpressed LuxR (97). This 

label also bound to £. coli cells expressing a LuxR protein in which the C-terminal had 

been deleted (the putative DNA binding domain), but did not bind to similar cells 

expressing a LuxR protein in which the N-terminal had been deleted. 

The LuxR family is a member of a larger LuxR superfamily of transcriptional 

regulators which also contains a subset of the classic two-component response regulators 

(80). Smdies of one member of this family, the FixJ protein of Rhizobium meliloti, 

indicate that the N-terminal domain of this protein prevents interactions between the DNA 

binding region and target promoters (53). This effect was relieved by phosporylation of 
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FixJ (analogous to the AHL activation of LuxR homologs). It was suggested that this was 

a general mechanism of activation within this family leading others to analyse the role of the 

N-terminal domain of LuxR upon its DNA binding ability. Deletion analysis of luxR from 

V.fischeri resulted in the isolation of a number of autoinducer independent mutants (33). 

Mutants lacking the first 138 residues of LuxR were inactive while those lacking the first 

162 residues were constitutively active. Wild-type luxR was found to be dominant over the 

inactive luxR alleles. These results suggested that the N-terminal domain of LuxR interacts 

with OHHL and that this region otherwise masks LuxR binding at target promoters. The 

authors speculated that binding of OHHL to LuxR eliminated the inhibitory effect of the N-

terminus on DNA binding by LuxR. Continued work with these mutants also suggested 

that LuxR may form dimers which are required for interaction with target promoters (34). 

Once the AHL-LuxR interaction occurs, LuxR must bind to target promoters and 

mediate transcription from these promoters. In addition to the presence of a conserved 

DNA binding motif in LuxR homologs, two studies suggest that LuxR homologs bind 

DNA directly. You et al. showed that purified LasR, one of two AHL responsive 

transcriptional regulators of P. aeruginosa, bound to target DNA promoter regions 

specifically in the presence of its cognate AHL (246). E^irified LuxR in which the N-

terminal had been deleted (LuxRAN) was able to bind to its target promoter region and to 

recruit RNA polymerase (209). Neither LuxR nor RNA polymerase were able to bind to 

the target promoter region alone. In a reconstituted expression system, transcription firom 

the target operon occured only in the presence of both LuxRAN and RNA polymerase. 

A consensus binding site for LuxR homologs has been defined (80,91). This 20-

bp palindromic sequence was originally identified in the operator region of the lux operon 

of V. fischeri and shown to be essential for LuxR binding and subsequent transcriptional 

activation (57). Similar sequences have since been located upstream of a variety of AHL 
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responsive genes in other bacteria (79,241). These sequences are collectively referred to as 

7ax boxes'(80). 

Once bound to target promoter sequences, the majority of LuxR homologs enhance 

transcription (79). Intriguingly, evidence fiom at least three different systems suggests that 

some LuxR homologs (EsaR of Erwinia stewartii, ExpR of Erwinia carotovora, and YenR 

of Yersinia enterocolitica) may act as repressors of transcription at target promoters (79). 

Whether the LuxR homolog itself binds to target promoters to repress transcription, or if 

repression is mediated by a second repressor whose transcription is stimulated by the LuxR 

homolog remains to be determined. However, preliminary evidence suggests that purified 

EsaR of £. stewartii binds to a target promoter involved in the biosynthesis of 

exopolysaccharides and subsequently blocks transcription from this promoter (18). It 

should be interesting to determine if these proteins show any divergent sequence 

characteristics when compared to the bulk of LuxR homologs and to determine the 

mechanism by which they repress transcription. 

These data suggest a general model for AHL-mediated regulation in which the Luxl 

homolog synthesizes a diffusible AHL signal molecule which accumulates in the local 

environment. When a sufficient concentration gradient develops to permit adequate intra

cellular levels of AHL, the AHL can then directly interact with the LuxR homolog. This 

interaction subsequently changes the conformation of the LuxR homolog, possibly via 

dimerization and alteration of its N-terminus, thereby allowing it to bind upstream of target 

genes at specific sequences known as lux boxes. This binding presumably facilitates 

recruitment of RNA polymerase at these promoters resulting in an increase in 

transcriptional activity. A simplified model for general AHL mediated regulation is shown 

below (Fig. 1). As more systems are characterized and more details become available the 

validity of this model will be tested more rigorously. 
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Figure 1. AHL-mediated gene regulation. 

A general model for AHL mediated gene regulation is shown. Details of the model are 

provided in the text. The large rectangle represents the bacterial cell wall. The AHL 

precursors 5-adenosyhnethionine (SAM) and various acyl groups attached to the acyl-

carrier protein (acyl-ACP) are shown. The target gene promoter region containing the lux 

box consensus binding site for LuxR is shown as a separate box marked by the letter P. 

The luxl and luxR homologs as well as target genes are indicated by the filled rectangles. 

Note that the arrangement of the luxl and luxR homologs and their respective target genes 

varies in different bacteria. These genes may be linked or unlinked and may be either 

divergendy or convergendy transcribed (79). 
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Examples of iNr-acyl-L*homoserine lactone*mediated regulatory systems 

AHL-mediated regulatory systems have been identified in a number of Gram 

negative bacteria (66,79). This section provides a limited overview of some of the best 

characterized regulatory systems in these bacteria. Each section is focused primarily on the 

regulatory machinery and its operation with the goal of providing some insight into the 

similarities and differences which exist between these diverse yet evolutionarily conserved 

regulatory systems. Two tables are provided at the end of this section which summarize 

the organisms, genes and phenotypes regulated by these systems (Table I) and the specific 

AHL signals that have been identified to date (Table 2). Similar tables are available in a 

number of reviews which list both primary references (66,79) and accession numbers for 

DNA sequences (215). 

Vibrio fischeri 

V. fischeri is a Gram negative marine bacterium that can form mutualistic symbiosis 

with monocentrid fish and sepioloid squids. This bacterium colonizes the light organs of 

its hosts where it is provided an environment rich in nutrients and firee of competition from 

other species. In return, the host utilizes the ability of this bacterium to emit light at high 

cell densities to avoid predators and to locate food and potential mates (223). It is this light 

that has attracted the most interest in this bacterium by microbiologists and has resulted in 

the characterization of a regulatory system that serves as the paradigm for all other AHL 

mediated regulatory systems found to date in other Gram negative bacteria. 
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Bioluminescence of V. fischeri occurs in culture only after cells have reached late 

log phase. There are a variety of reasons for this, the presence of an inhibitor in rich media 

(67), self imposed inhibition (118), and the requirement for accumulation of a self-

produced diffusible activator of the bioluminescent operon in culture (145). This diffusible 

activator has been identified as A^(3-oxohexanoyl)-L-homoserine lactone (OHHL) (68). 

The genomic region responsible for both luminescence and its regulation has been 

identified (71,72). This region consists of two divergendy transcribed open reading 

frames (ORF) separated by a common promoter region (See Fig. 2). The right ORF is the 

starting point of the lux operon (luxICDABEG) which encodes the AHL synthetase, Luxl, 

and all of the stmctural genes required for bioluminescence. The left ORF (luxR) encodes 

LuxR which is required for activation of the lux operon in response to OHHL produced by 

Luxl. 

Primary regulation of the lux operon is mediated by LuxR in association with 

OHHL produced by Luxl (Fig. 2). Basal levels of transcription of the luxl gene result in 

low levels of difftisible OHHL produced by Luxl (108, 223). In a diffusion limited 

environment such as laboratory cultures or the light organs of the symbiotic host, OHHL 

will slowly accumulate. Once a sufficient intracellular concentration is attained, OHHL 

binds within the N-terminal of LuxR (97). This interaction allows LuxR to bind to the 

divergent promoter region between luxR and the lux operon at a site known as a 'lux box' 

(57,209). This interaction presumably recruits RNA polymerase to this site resulting in 

transcription of the lux operon. Since luxl is the first gene of the lux operon, this activation 

results in an exponential increase in both Luxl and therefore OHHL production. This 

positive feedback circuit is responsible for the rapid onset of bioluminescence seen in 

culture. In addition to regulation of the lux operon at high concentrations of OHHL, LuxR 

regulates its own expression at low OHHL concentrations (71,72). 
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A number of additional regulatory inputs influence lux gene expression in V. 

fischeri including cAMP-CRP, FNR, LexA/RecA, LotiA protease and the chaperonin GroE 

as well as a variety of environmental and media effects (223). An additional level of 

regulation is introduced by the discovery of multiple AHLs produced by Luxl and a second 

AHL synthase, AinS (117). In this study, Luxl was found to synthesize -̂hexanoyl-L-

homoserine lactone (HHL) in addition to OHHL. HHL was able to induce lux gene 

expression in mutants that did not produce OHHL. In addition to these two AHLs, a 

second autoinducer synthase (AinS) was identified which produced ̂ -octanoyl-L-

homoserine lactone (OHL) (85,117). AinS bears no sequence similarity to Luxl homologs 

and may form OHL via a different mechanism. AinS does share limited C-terminal 

sequence similarity with the LuxM protein of VI harveyi thought to be involved in the 

production of AHL. A second gene, ainR, was also located downstream of ainS which 

encodes a putative response regulator shown to interact with OHL. As was seen with 

AinS, AinR does not show any similarity to LuxR homologs, but instead is similar to 

LuxN of V. harveyi, the putative sensor kinase/response regulator for the AHL signal 

produced by LuxM. This suggests that two evolutionarily distinct mechanisms have 

developed for the synthesis and response to AHL in these bacteria. The role of OHL in lux 

gene regulation also differs significantly from that of OHHL. OHL represses rather than 

activates the lux operon. OHL acts by competively inhibiting OHHL binding (when the 

concentration of OHHL is low) to LuxR thereby preventing the early induction of 

luminescence (118). It has also been suggested that OHL and AinR may regulate the 

expression genes other than the lux operon in V. fischeri (66, 85). The production of 

multiple AHLs by V. fischeri as well as the ability of this species to recognize a range of 

synthetic AHLs (69) indicates the potential for inter-species signal transduction via AHL 

signal molecules in this organism. 
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Figure 2. Regulation of bioluminescence in Vibrio fischeri. 

The mcxiel depicts lux gene regulation in V. fischeri as described in the text. The two 

rectangular boxes represent unlinked genomic regions involved in the regulation and 

production of compounds required for light emmission. CRP is the cAMP receptor 

protein, ftoteins are indicated by shaded boxes or circles which contain letters 

corresponding to the proteins which they represent as follows: AinS (S); AinR (R, bottom); 

LuxR (R, top); Luxl (I); LuxA (A); LuxB (B). Cellular precursors (PC's) used in the 

formation of OHL are indicated. All other abbreviations are as noted in the text. 
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Vibrio harvevi 

Vibrio harveyi is a Gram negative ftee-living luminescent marine bacterium (see 

[66] for references). Unlike V. fischeri, V. harveyi is not known to form mutuaiistic 

associations with other organisms and the role of bioluminescence in this bacterium is 

unclear. Since bioluminescence in V. harveyi also is induced in a cell-density dependent 

manner, it is not known whether this phenotype occurs in nature. In addition to 

bioluminescence, the formation of poIy-3-hydroxybutyrate (PHB), a bacterial polymer that 

has numerous industrial applications, is also controlled by AHL in V. harveyi (210). 

The lux operon of V. harveyi (JuxCDABEGH) which contains the structural genes 

required for bioluminescence has been identified (138,211). Bioluminescence in both V. 

harveyi and V. fischeri is controlled by diffiisible AHL signal molecules which mediate a 

cell-density dependent control of lux gene transcription in vitro. The regulation of 

bioluminescence in V. harveyi, however, operates via a distinct mechanism (13). 

At least two AHLs are involved in this unique regulatory circuitry. The first of 

these was identified as iV-3-hydroxybutytyl-L-homoserine lactone (HBHL) (26). HBHL 

also regulates the production of PHB in addition to luminescence (210). Two proteins 

implicated in the synthesis of HBHL (LuxL and LuxM) have been identified (14). The 

entire length of LuxM is similar to the C-terminal of the V. fischeri protein AinS which 

itself is sufficient for the production of the AHL, OHL (85). There is no similarity between 

either of these proteins and the classic Luxl family of AHL synthases. A second potential 

AHL (HAI-2) has been implicated in this regulatory circuit although its structure has not yet 

been identified (15). 

At least two response systems (LuxN for HBHL and LuxPQ for HAI-2) are 

involved in sensing the presence of these signal molecules (13-15). None of these proteins 



58 

share any similarity with the LuxR family of AHL response regulators. Discrete domains 

within LuxN do, however, share amino acid similarity with both the sensor kinase and 

response regulatory domains of two-component systems. LuxN is predicted to be a 

membrane protein that interacts with HBHL in the periplasmic space. LuxP shares amino 

acid similariQr with periplasmic binding proteins such as ChvE of A. tumefaciens and is 

thought to bind HAI-2 in the periplasmic space and facilitate its interaction with LuxQ. 

LuxQ also contains domains similar to both the sensor kinase and response regulator 

domains of the two-component family. LuxQ is proposed to interact with HAI-2 within the 

periplasmic space in conjunction with LuxP. 

An additional protein (LuxO) is proposed to integrate both of these regulatory 

systems and mediate transcription of the lux operon (13, 16). LuxO contains a classic two-

component response regulator domain as well as a helix-tum-helix DNA binding domain. 

LuxO mutants constitutively produce light which suggests that LuxO is a negative regulator 

of luminescence whose effect can be overcome as HBHL and HAI-2 levels increase. It has 

not been determined if extra copies of LuxO can shift the temporal expression of 

luminescence as would be predicted by this model. These results, coupled with the 

similarity to two-component response regulatory proteins, has led to the tenuous 

conclusion that LuxO is the intermediate protein through which LuxM and LuxN control 

transcription of the lux operon. LuxO is predicted to bind to the lux operator and repress 

transcription until phosphorylated by either LuxN or LuxQ in response to HBHL or HAI-

2. 

An additional gene, luxR, that encodes a positive transcriptional regulator of the lux 

operon has been identified (193). LuxR does not require HBHL or HAI-2 and bears no 

sequence similarity with the classic LuxR family of AHL response regulators. An 

altemative model to the one presented above suggests that LuxO operates to repress luxR 

transcription and that relief of this repression mediated by LuxN or LuxQ results in 
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enhanced transcription of the lux operon mediated by LuxR (13). A diagram depicting the 

regulation of bioluminescence in V. harveyi is presented below (Fig. 3). 

As noted above, the ability to produce and respond to a variety of AHLs increases 

the potential for AHL-mediated cross talk between species. A number of studies with both 

synthetic and naturally produced AHLs have shown that: 1) V. harveyi can recognize 

additional synthetic AHLs, some of which inhibit luminescence (27), and 2) other marine 

bacteria produce compounds, presumably AHLs, which activate the lux operon of V. 

harveyi (12,93). These results suggest the potential for complex ecological interactions 

between species mediated by AHL signal molecules. 
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Figure 3. Regulation of bioluminescence in Vibrio harveyi. 

The model depicts regulation of the V. harveyi lux operon as described in the text. The 

rectangular boxes represent unlinked genomic regions involved in the regulation and 

production of compounds required for light emission. The two lines across the top of the 

figure represent the inner (thick line) and outer (thin line) cellular membranes. Proteins are 

indicated by shaded boxes, single or double circles which contain letters corresponding to 

the proteins which they represent as follows: LuxL (L); LuxM (M); LuxN (N); LuxO (O); 

LuxP (P); LuxQ (Q); LuxR (R); LuxA (A); LuxB (B). Cellular precursors (PC's) used in 

the formation of AHLs are indicated. All other abbreviations are as noted in the text. 
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Pseudomonas aeruginosa 

Pseudomonas aeruginosa is an opportunistic human pathogen that can cause severe 

life-threatening infections in immunocompromised patients (180). P. aeruginosa produces 

an array of extracellular virulence factors which include elastase, alkaline phosphatase, 

exotoxin A and a heat stable hemolysin (rhamnolipid). These virulence factors, along with 

a number of other products, are regulated by a hierarchical sensory transduction pathway 

which consists of two AHL response systems, las and rhl, and the two-component 

response regulator GacA( 119, 156, 169). 

The las system is composed of LasR and LasI and was the first AHL response 

system discovered in P. aeruginosa (82, 151). LasR, in conjunction with N-Z-

oxododecanoyl-L-homoserine lactone (OdDHL) produced by LasI (153), regulates a 

number of genes including; aprA (alkaline phospatase) (83), lasA (elastase) (221), lasB 

(elastase) (82), toxA (exotoxin A) (83) and the regulatory genes lasl (LasI) (188) and rhlR 

(RhlR) (119, 156). Consistent with other genes regulated by LuxR homologs, consensus 

lux box sequences (called las boxes) have been identified in the promoters of a number of 

LasR-regulated genes including lasA, lasB, laslmd rhlR (74,75, 120, 156, 179, 188). In 

addition, LasR transcription was recently shown to be positively regulated by the yfr gene 

which is homologous to the cAMP receptor protein (CRP) of £. coli (2). 

The rhl system is composed of RhlR and Rhll (147, 148). RhlR, in conjunction 

with iV-butyryl-L-homoserine lactone (BHL) produced by Rhll (154,237) regulates the 

production of rhanmolipids (fhlAB) (147,156), elastase (147), BHL (jrhll) (119), 

pyocyanin (120), chitinase (237), HCN (120), alkaline protease (120), and the stationary 

phase Sigma factor, {rpoS) (119) (Note: gene names included in parenthesis indicate that 
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genetic evidence for their control by RhlR is available). As noted above, LasR and OdDHL 

control the expression of rhlR in P. aeruginosa (119,156). Expression of lasR is reduced 

50% in a double lasl/rhll mutant and is restored by the addition of OdDHL (156). In 

contrast, expression of rhlR in this same mutant was nearly eliminated (5 fold reduction) 

although it could also be restored by the addition of OdDHL (but not BHL). These data 

suggest that the las system is dominant to the rhl system and would therefore be expected to 

be the master quorum sensing regulator. In E. coli, the activity of OdDHL and BHL was 

specific to their cognate response regulators LasR and RhlR respectively, no cross 

activation was noted between these AHLs and their non-cognate sensors (156). However, 

OdDHL blocks BHL binding to RhlR resulting in decreased rhlA expression (156). 

The final member of this hierarchical signal transduction pathway is GacA (169). A 

number of GacA homologs have been identified previously in other Pseudomonas species 

(81, 121, 127, 163, 172, 181). GacA is a member of the classic two component family of 

regulatory proteins and encodes a response regulator that is thought to act in concert with 

the sensor kinase LemA to control the transcription of its target regulon (172). Reimmarm 

et al. found that GacA of P. aeruginosa controls the production of pyocyanin, lipase and 

HCN (169). In addition, expression of both lasR and rhlR was significantly decreased in a 

gacA mutant. The amount of BHL secreted into culture superaatants was also significantly 

reduced although OdDHL levels were not altered. Based on the relationship between the 

las and rhl systems (119, 156) it seems likely that GacA control of rhlR and BHL levels is 

mediated through positive transcriptional control of lasR expression. Such a relationship 

suggests that GacA fimctions as the master control switch in this intricate signal 

transduction pathway. As of yet, neither LemA nor the signal that stimulates its interaction 

with GacA have been identified. However, it seems likely that LemA will respond to some 

signal present in the host thereby initiating quorum sensing by the las system which in turn 

activates quorum sensing by the rhl system. 
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Together GacA and the las and rhl quorum sensing regulatory circuits form a 

hierarchical signal transduction pathway that controls the expression of multiple virulence 

factors in P. aeruginosa. This complex signal transduction pathway may tightly control the 

expression of virulence factors until the organism encounters its host. Once P. aeruginosa 

has entered the host, quorum sensing-mediated regulation of virulence factors may prevent 

early expression of these antigenic compounds until a sufficient number of organisms has 

accumulated to overwhelm the host defenses (156). The ability of the las system to 

recognize additional synthetic AHLs and a recent report that potential AHLs of P. 

aeruginosa may effect the production of extracellular virulence factors in Burkholderia 

cepacia, a bacteria commonly co-isolated from P. aeruginosa infection sites, suggests that 

inter-species conununication via AHLs may play a role in the pathogenesis of P. aeruginosa 

infections (136, 152). A model which depicts the GacA-las-rhl signal transduction 

pathway is shown in Figure 4. 
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Figure 4. Regulation of virulence in Pseudomonas aeruginosa. 

The regulatory circuits depicted are described in the text. The various regulatory and 

structural genes are indicated by shaded rectangles. Structural genes involved in 

production of extracellular factors including elastase, exotoxin A, alkaline protease 

pyocyanin, HCN, and chitinase (not known to be involved in virulence) are represented by 

the abbreviation (extracellular virulence factors). Genes belonging to the RpoS 

regulon are represented by the abbreviation spg's (stationary phase genes). The rhlAB 

genes responsible for the production of rhamnolipids (heat stable hemolysin) are 

represented by the abbreviation rbg's (rhamnolipid biosynthetic genes). Note that the rhlR 

and rhll genes are part of the rhlABRI operon (148) but have been separated for simplicity. 

The arrangement of the lasR and lasi genes is correct as shown (151). Although not 

indicated in the figure, both OdDHL (O) and BHL (B) freely diffuse out of the cell. 
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Shaded diamonds or circles contain letters corresponding to the proteins or compounds 

which they represent as follows: LasR (R, diamond); LasI (I, diamond); RhlR (R, circle); 

Rhil (I, circle); OdDHL (O); BHL (B); RpoS (S) and GacA (A). Cellular precursors 

(PC's) required for the reaction catalysed by LasI and Rhll are indicated. 
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Aerobacterium tumefaciens 

Agrobacterium tumefaciens is a Gram negative bacterial plant pathogen that causes 

tumors in a wide range of dicotyledonous plants (reviewed in [235]). Tumor formation is 

initiated in the host by a complex signal exchange which results in the transfer of a section 

of bacterial DNA (T-DNA) into the nucleus of the host cell and its subsequent integration 

into the genome. The T-DNA contains genes whose products specify the production of 

plant growth hormones which result in tumor formation. The T-DNA also encodes 

proteins which produce novel metabolic compounds called opines used by the pathogen 

(and other organisms) as a nutrient source. Within the bacterium, the T-DNA resides on a 

tumor inducing (Ti) megaplasmid which encodes the majority of elements required for 

pathogenesis. In addition, the Ti piasmid contains genes which allow the bacteria to utilize 

the specific opuies sythesized by the T-DNA following its integration into the host genome. 

These opines fall into two general classes: 1) octopine/mannopine and 2) 

nopaline/agrocinopine. These compounds are produced by the T-DNA of octopine (e.g. 

pTiA6) and nopaline type (e.g. pTiC58) Ti plasmids respectively. 

In addition to their role in the transfer and integration of T-DNA into the host cell, 

Ti plasmids also mediate their own transfer between agrobacteria via conjugation (110). 

The significance of Ti piasmid conjugation between agrobacteria is unclear although it 

appears to be essential since it is tightly regulated by a complex signal transduction 

pathway. Conjugal transfer only occurs in the presence of opines which suggests that it is 

somehow important to bacteria which inhabit the host tumor. Control of Ti piasmid 

conjugation in A. tumefaciens is mediated by the Tral/TraR AHL response system (78). 

This dependence on a quorum sensing system may indicate that coordinated regulation of 
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conjugation is important to bacteria within the host tumor although the reason for this is 

unclear. 

Regulation of conjugation in octopine type Ti plasmids is mediated by the OccR 

protein, a positive transcriptional regulatory protein belonging to the LysR family, which 

induces transcription of troR in the presence of octopine (78,94). As is tme of most 

members of the LysR family, OccR also positively autoregulates its own transcription and 

that of the divergently transcribed octopine catabolic operon in the presence of octopine. 

Following its induction, TraR activates expression of the tra regulon in conjunction with 

the diffusible AT-S-oxooctanoyl-L-homoserine lactone (OOHL) signal produced by the Tral 

protein (104,247). The tra regulon consists of the regulatory genes tral, traR and traM as 

well as a number of structural genes (tra genes) required for Ti plasmid DNA processing 

and conjugal transfer (76-78). Transcriptional activation of tra genes appears to be 

stimulated by TraR binding at consensus lux box-like sequences called 'tra boxes' which 

are found upstream of most tra genes (77). This signal transduction pathway results in the 

activation of the conjugal transfer pathway of the Ti plasmid. 

As mentioned, TraR mediates the transcription of other regulatory genes including 

the gene responsible for its own synthesis {traR), /ra/and traM (76,78). TraR 

autoregulation presumably provides sufficient TraR for a rapid response to newly 

synthesized OHHL which results from TraR-mediated regulation of tral. This 

autoregulation may also serve to maintain the proper cellular ratios of TraR and OHHL. 

TraR-mediated regulation of tral causes the rapid production of OOHL in a positive 

feedback circuit analogous to LuxR control of Iwd transcription in V.fischeri (71,78). 

This similarity is extended by the fact that tral is the first gene in an operon which also 

encodes several structural tra genes (104). Finally, TraR also mediates the expression of 

traM which encodes a negative regulator of the tra regulon (76). TraM inhibits its own 

transcription as well as that of tral and traA (one of several structural tra genes) but it has 
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no effect on troR transcription. TraM-mediated antagonism can be overcome by high levels 

of TraR or OOHL. Based on these observations, Fuqua et al. suggested that TraM may 

block TraR-OOHL complex formation or may interfere with TraR binding to tra boxes. A 

diagram depicting the regulatory circuits which mediate transcription of the tra regulon of 

octopine Ti plasmids is presented below (Fig. 5). 
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Figure 5. Regulation of the tra regulon of Agrobacterium tumefaciens. 

Regulatory circuits involved in the regulation of the tra regulon of octopine type Ti 

plasmids are described in the text The large rounded rectangle represents the cell wall of 

an individual bacterium. The various regulatory and structural genes of the tra regulon are 

indicated by shaded rectangles. Structural genes involved in conjugal transfer are refered to 

as tra structural genes {tsg's) for simplicity. Genes involved in the utilization of octopine 

are designated octopine catabolic genes {ocg's). Note that all of these genes are found on 

the Ti plasmid. The filled square labeled 'O' represents octopine provided by the host cell. 

All other shaded boxes or circles contain letters corresponding to the proteins which they 

represent as follows: OccR (R, square); TraM (M); Tral (I); TraR (R, circle). Cellular 

precursors (PC's) required for the reaction catalysed by Tral are indicated. All other 

abbreviations are as noted in the text. 



70 

Regulation of conjugation in nopaline Ti plasmids is mediated by homologous 

genes and occurs in a similar maimer to conjugation of the octopine Ti plasmids described 

above (66). However, in contrast to OccR activation of tra genes, the tra genes of nopaline 

type Ti plasmids are negatively regulated by a protein called AccR in the absence of 

nopaline (20). Although it has not yet been confirmed, it seems likely that traR is repressed 

by AccR resulting in a heirarchical regulatory circuit similar to OccR/TraR-mediated 

regulation in octopine Ti plasmids. Once situated within a tumor, nopaline produced by the 

T-DNA integrated into the host cell would relieve AccR repression of traR leading to 

activation of Ti plasmid conjugal fimctions as described above. 

Although does not produce multiple AHLs, its ability to recognize a 

diverse range of AHLs makes it a useful indicator organism for the detection of AHLs 

produced by other organisms (79). Using Agrobacteriwn as a reporter, a variety of 

soilbome and plant pathogenic bacteria were identified which produced AHL signals 

recognized by the this reporter (cited in [79]). To further take advantage of this ability, a 

thin layer chromatography (TLC) assay was developed by Shaw et al. in which the 

compounds found in ethyl acetate extracts of bacterial culture supematants are run on a 

TLC plate to allow separation (189). This TLC plate is subsequently overlayed with the 

Agrobacterium reporter strain suspended in agar. This reporter is unable to produce the 

cognate signal molecule OOHL yet is able to activate tra gene expression via a functional 

copy of TraR if supplied with recognizable AHL. The reporter contains a traG-lacZ fiision 

{traG is one of the tra structural genes) that is induced by TraR in the presence of 

recognizable AHL. B-galactosidase produced by this fusion cleaves the chromogenic 

indicator X-gal which is also present in the agar overlay thereby allowing the localization of 

regions which contain active AHL on the TLC plate. This method allows for a simple, 

quick analysis of AHLs produced by bacteria. Final confirmation of the specific chemical 

structure of these AHLs requires a more complete biochemical analysis. Adaptations of 
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this procedure utilizing different indicator strains enhances the range of AHLs which can be 

detected by this method. This method will prove quite usefiil when screening large 

numbers of bacteria for their abiliQr to produce recognizable AHLs. This should facilitate 

smdies which examine AHL-mediated crosstalk between complex populations such as 

those found in the rhizosphere. 

Erwinia carotovora 

Erwinia carotovora is a bacterial plant pathogen that causes soft-rot in a variety of 

plant hosts (11). £. carotovora produces several extracellular proteases, pectinases, 

cellulases and xylanases that are required for pathogenesis. The production of these 

extracellular enzymes, as well as the synthesis of carbapenem antibiotics is regulated by 

OHHL produced by the Luxl homolog Expl (6, 7, 106,164). The expl gene was also 

identified simultaneously by a second group in a different strain of E. carotovora (GS101) 

and called carl (216). Mutations in expl/carl result in loss of virulence and OJIHL 

production (164,216). Two different LuxR homologs (ExpR and CarR) have been 

identified in E. carotovora (135,164). ExpR is involved in the production of extracellular 

enzymes (R. Heikinheimo Ph.D. thesis, 1995, cited in [215]). The involvement of ExpR 

in carbapenem biosynthesis is unclear since the strain in which the expR gene was 

identified does not produce carbapenem antibiotics (164). CarR, however, is specifically 

involved in the regulation of carbapenem biosynthesis and does not appear to direcdy affect 

the production of extracellular enzymes (135). Disruption of expR, which is linked to 

expl, has no effect on exoenzyme or antibiotic biosynthesis (R. Heikinheimo Ph.D. thesis, 

1995, cited in [215]). However, overexpression of expR results in reduced production of 

the extracellular enzymes suggesting that ExpR may function as a repressor. Surprisingly, 
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overexpression of carR also represses extracellular enzyme production (135). Since both 

ExpR and CarR operate in conjunction with OHHL, this observation may simply be due to 

titration of OHHL by extra CarR protein leading to extended repression of extracellular 

enzyme production by ExpR (R. Heikinheimo Ph.D. thesis, 1995, cited in [215]). 

Two additional regulatory inputs, RsmA and the Aep system, may be linked to the 

ExpI/ExpR/CarR regulatory circuit in £. carotovora. RsmA is involved in the repression of 

OHHL, extracellular enzyme and HrpN (involved in the induction of the host 

hypersensitive response) synthesis in E. carotovora (31,50,51), RsmA has been 

identified in a number of other Erwinia species where it controls the production of 

antibiotics, flagella, carotenoids, and extracellular polysaccharides (140). The AepA, 

AepB and AepH proteins of £. carotovora are required for the production of extracellular 

enzymes in a number of Ervv/ma species including f. carofovora (128, 141, 142). AepA 

and AepB activate transcription of the biosynthetic genes responsible for extracellular 

enzyme synthesis in response to specific plant produced compounds (128, 142). AepH 

appears to enhance transcription of these biosynthetic genes in concert with AepA/B (141). 

It has been proposed that the Aep system relieves RsmA-mediated repression in the 

presence of the host thus allowing the initiation of OHHL-mediated extracellular enzyme 

synthesis (11,215). However, this interpretation is not consistent with the the observation 

that the Aep system directly activates transcription of its target genes. Furthermore, there is 

no evidence that the Aep proteins interact with either rsmA or RsmA. The specific 

interactions which occur between these multiple regulatory systems therefore await fiuther 

clarification. As more data become available, it will be interesting to see if this quorum 

sensing system is mediated by plant signal compounds as is seen in other systems. 

A theory relating to the biological relevance of OHHL-mediated control of both 

extracellular enzymes and carbapenem antibiotics has been proposed (164,215). During 

colonization, extracellular enzyme production may be repressed to avoid elicitation of plant 
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defense responses until sufGcient bacteria have accumulated. When the bacterial 

populations reach this critical densiQr, the coordinated production of extracellular enzymes 

by the entire population may allow the pathogen to overwhelm host defenses. The 

simultaneous production of carbapenem antibiotics would presumably allow E. carotovora 

to inhibit the growth of other microorganisms which would compete for nutrients released 

by the activity of the extracellular enzymes. The linkage of these two apparently unrelated 

systems by a single AHL signal molecule would therefore ensure that E. carotovora could 

effectively avoid both host plant defenses and competition by other microorganisms. 

The quorum sensing system of E. carotovora provides a unique opportunity to 

study the role of AHL-mediated interactions in both pathogenesis and genetic population 

ecology. The cognate signal molecule which mediates both enzyme and antibiotic 

production, OHHL, is produced by a variety of bacteria (216,234). In addition, 

carbapenem control is influenced by a number of synthetic analogs of OHHL, some of 

which can competitively inhibit its activity (32). These data suggest that different species 

which inhabit the same niche as E. carotovora could alter its ability to produce both 

carbapenem antibiotics and extracellular enzymes via their production of recognizable 

AHLs. This coupled with the ease of reproducing a natural infection in the laboratory and a 

AHL response system which regulates both virulence and competitive ability makes £. 

carotovora and excellent choice in which to study a variety of ecological interactions in situ. 

Erwinia stewartii 

Erwinia stewartii is the causative agent of Stewart's wilt of com. This bacterium 

enters the vascular system of the host and produces an extracellular polysaccharide (EPS) 

capsule which is responsible for evasion of host defense compounds, water soaking and 
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obstruction of the vascular system leading to necrosis and wilting (see [19] for references). 

The production of EPS and hence pathogenicity of E. stewartii is regulated by the LuxR 

homolog EsaR in conjunction with OHHL produced by Esal (19). The esoR and esal 

genes are convergently transcribed and their open reading frames overlap by 3 Ibase pairs. 

The esoR gene is autoregulated (EsaR acts as a repressor of esaR transcription) and its 

promoter contains a consensus lux box binding sequence. The localization of this lux box 

is atypical however since it overlaps the putative -10 region as opposed to its typical 

localization within the -35 consensus RNA polymerase interaction site of other AHL-

regulated promoters (80). Recent evidence suggests that EsaR not only acts as a repressor 

of its own synthesis but also direcdy binds to the promoters of an EPS biosynthetic gene 

and blocks transcription (18). This repression is apparently relieved by the addition of 

OHHL. 

Rhizobium le^uminosarum 

Rhizobium leguminosarum is a Gram negative bacterium which fixes nitrogen in 

nodules formed during symbiosis with host plants (e.g. bean) (224). A LuxR homolog 

(RhiR) has been identified in R. leguminosarum which controls the expression of the 

rhiABCR operon and inhibits cellular growth in conjunction with iV-3-hydroxy-7-cis-

tetradecanoyl-L-homoserine lactone (HTDHL) (49,92,184). The gene required for 

HTDHL synthesis has not yet been identified. Crockford et al. have also reported that 

catalase activity in R. leguminosarum is regulated in a manner consistent with AHL-

mediated control (46). 

The function of the rhiABC genes in R. leguminosarum is unclear. The rhiA gene 

is expressed by free-living bacteria in the rhizosphere but not by those in root nodules (49, 
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60). Mutations in RhiA and RhiR do not affect nodulation unless they occur in bacteria 

which already harbor a mutation in the nodFEL operon involved in specifying host range 

(49,224). Such double or triple mutants are unable to form nodules. These observations 

have led to speculation that rhiABC genes play some role in microbe-host interactions 

within the rhizospere. 

RhiR-activated inhibition of growth is mediated by genes residing on the same 

symbiotic (Sym) plasmid that carries the rhiABCR genes (92). HTDHL was originally 

identified as bacteriocin small which had previously been found to inhibit the growth of 

several R. leguminosanan biovars in conjunction with sbs gene(s) located on the Sym 

plasmid (100,230). It seems likely that RhiR and HTDHL mediate growth inhibition via 

regulation of the sbs gene(s) although this has not been determined. Surprisingly, HTDHL 

production does not require the Sym plasmid and in fact is completely repressed by the rps 

gene(s) which resides on the Sjon plasmid (92,230). Gray et al. have suggested that this 

repression may be alleviated in the presence of the host in the same maimer that opines are 

required to relieve repression of the tra regulon in A. tumefaciens (78,92). 

AHLs in other bacteria 

A large number of Gram negative bacteria have been shown to produce a variety of AHLs 

which are involved in the regulation of diverse array of phenotypic traits. In addition to the 

systems described above, the following bacteria have been found to produce AHLs (the 

bacterium responsible is followed in parenthesis by the system regulated; the genes 

involved; and the identity of the specific AHL if known): Aeromonas hydrophila (Cell 

division?; AhyR/I; BHL/HHL [213]), Aeromonas salmonicida (Serine protease?; AhyR/I; 

BHL/HHL [213]), Chromobacterium violaceum (violacein pigment; ?; HHL [133, 236]), 
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Citrobacterfreundii (6), Enterobacter agglomerans (?; EagI; OHHL [216]), Erwinia 

herbicola (?; ?; OHHL [6]), Escherichia coli (cell division?, RpoS?; SdiA [LuxR homolog] 

[103, 199]), Hqfnia alvei (6,234), Nitrosomonas europea (215), Proteus mirabilis (6), 

Pseudomonas solanacearum (EPS; ?; AHL? [36]), Rahnella aquatilis (6,234), Serratia 

liquefaciens (swarming motility; Swrl; BHL/HHL [70]), Vibrio anguillarum (virulence?; 

VanR/I; ODHL [137]), Serratia marcescens (?; ?; OHHL [6]), Xanthomonas campestris 

(extracellular degradative enzymes; ?; AHLs? [9]), Yersinia enterocolitica (?; YenR/I; 

HHL/OHHL [220]), Yersinia pestis (virulence?; YpsR/I; OHHL/HHL [105]) and Yersinia 

pseudotuberculosis (?; YepR/1,12; HHL/OHHL, OHL/OOHL [5]). Surprisingly, this list 

is not exhaustive. Surveys of a large number of soilbome and plant pathogenic bacteria 

indicate that many of these organisms produce putative AHLs (cited in [79]). This 

suggests that the list of AHL-producing organisms will continue to grow. As predicted, it 

would seem that AHL-mediated regulatory systems are as ubiquitous as classic bacterial 

two-component systems (106). The vast array of bacteria which produce and respond to 

AHLs supports the h5^thesis that AHL-mediated cross talk will play a significant role in 

bacterial interactions in nature. 



Bacterial Species Luxl/LuxR homolog ^-acyl-HSL sidechain Regulated systein(s) Effect of AHL 

V. fischeri 

V. harveyi 

P. aeruginosa 

A. tumefaciens 

£ carotovora 

E, stewartii 

R. leguminosarum 

P. aureofaciens 

LuxI/LuxR 
Luxl/LuxR 
AinS'/LuxR 
AinS7(AinR') 

iV-3-oxohexanoyl 
^-hexanoyl 
A^-octanoyl 
iV-octanoyI 

LuxLM'/LuxN', LuxO' A^-3-hydroxybutryryl 
LuxLM'/LuxN'', LuxO'' iV-3-hydroxybutryiyI 
Lux?^/LuxPQ', LuxO' HAI-2^ 

LasI/LasR 

RhII/RhIR 

Tral/TraR 

ExpI/ExpR 

Carl/CarR 

Esal/EsaR 

Rhil/RhiR^ 

iV-3-oxododecanoyl 

yV-bulanoyI 

^-3-oxooctanoyl 

A'-3-oxohexanoyl 

/V-3-oxohexanoyl 

iV-3-oxohexanoyl 

A^-3-hydroxy-7-dj-
tetradecanoyl 

Bioluminescence 
Bioluminescence 
Bioluminescence 
Other genes? 

Bioluminescence 
PHB synthesis 
Bioluminescence 

Extracellular virulence 
factors 
Rhamnolipids, 
extracellular virulence 
factors, RpoS 

Conjugation of Ti 
plasmid 

Extracellular cell wail 
degrading enzymes 
Cart)apenem antibiotics 

EPS 

Nodulation?, host-
microbe interactions 

Induction 
Induction 
Early repression 
Induction? 

Derepression 
Derepression? 
Derepression 

Induction 

Induction 

Induction 

Derepression? 

Derepression? 

Derepression 

Induction 

PhzI/PhzR N-hexanoyI Phenazine antibiotics Induction 
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Table 1. AHL-medlated regulatory systems in Gram negative bacteria. 

' These proteins do not show similarity with the Luxl or LuxR families. 

^ The AHL synthase or response regulator has not yet been identified. 

^ The role of these proteins in regulation of this phenotype has not been determined. 

* The molecular structure of this signal molecule has not yet been determined. 
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Bacterium Synthase Structure(s) 

V. fischeri Luxl 

V. harveyi 

A. tumefaciens 

P. aeruginosa 

AinS 

LuxL/M 

Tral 

LasI 

Rhll 

E. carotovora 

E. stewartii 

R. leguminosarum 

C. violaceum 

S. liquefaciens 

Carl/Expl 

Esal 

Rhni 

Cvil 

Swrl 

P. aureofaciens Phzl 

O O 
A/-3-oxohexanoyl-L-HSL 

A/-hexanoyl-L-HSL 

A^octanoyl-L-HSL 

A/-3-hydroxybutyryI-L-HSL 
OHO — 

o o 
A/-3-oxooctanoyI-L-HSL 

« I 
O O 

^-3-oxododecanoyI-L-HSL 

A^-butanoyl-L-HSL 

O O __ 
Af-3-oxohexanoyI-L-HSL 

o O 
yV-3-oxohexanoyl-L-HSL 

OHO 
yV-3-hydroxy-7-ci^-
tetradecanoyl-L-HSL 

A/-hexanoyl-L-HSL 

^-butanoyl-L-HSL 

O 
A/-hexanoyl-L-HSL 

O _ 
^-hexanoyl-L-HSL 



Table 2. AHL signal molecules in Gram negative bacteria. 

' The AHL synthase has not yet been identified 
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AHL-related interactions witii eukaryotic iiost cells. 

Due to the ubiquitous nature of AHL production in Gram negative bacteria, it seems 

likely that eukaryotic host cells would interact with these regulatory systems either by 

chance or by design. Furanones produced by the red algae host {Delisea pulchra) of S. 

liquefaciens competitively inhibit BHL/HHL-mediated motility in this strain in vitro (86). 

This interaction would not appear to be beneficial to the host since P. liqurfaciens is non

pathogenic, however, the fiiranones also inhibit swarming in a variety of other marine 

bacteria (89). The physiological relevance of this inhibition in situ is also unclear due to the 

high concentrations of furanones required in vitro (30 |J,g/ml). 

In a second eukaryotic interaction, OdDHL produced by LasI of P. aeruginosa was 

found to stimulate interleukin-8 (IL-8) production in immortalized respiratory epithelial 

cells (61). Both pilin and flagellin of P. aeruginosa also stimulate IL-8 production in this 

cell line. IL-8 is a neutrophil chemoattractant involved in host cell immune response to 

infection. As IL-8 is found at higher levels in the lungs of cystic fibrosis patients infected 

with P. aeruginosa, the ability of OdDHL to stimulate its production is intriguing. Thirty 

|iM OdDHL was required in vitro to stimulate detectable IL-8 production. The in vitro 

levels attained by OdDHL are not known although even low levels of OdDHL may 

influence production of IL-8 and therefore the outcome of the disease interaction. In 

contrast to fiiranone production by Delphia, it would appear that host recognition of AHL 

signals produced by pathogenic bacteria during host-microbe interactions would provide a 

selective advantage. This suggests that the eukaryotic host can exploit AHL-mediated 

signaling in bacteria to facilitate their recognition and eradication. 



82 

PSEUDOMONAS AUREOFACIENS STRAIN 30-84 

The genus Pseudomonas is quite diverse and consists of Gram negative bacteria 

which are strictly aerobic and motile by means of polar flagella (123). P. aureofaciens 

belongs to the fluorescent subclass of this genus whose members produce a water soluble 

fluorescent siderophore. Based on a number of other biochemical properties Stanier 

classified P. aureofaciens as a member of the P.fluorescens biotype E group (207). 

P. aureofaciens strainsare specifically known for their characteristic orange 

pigmentation (112). This pigmentation is due to the production of phenazine antibiotics by 

this species (99, 222). The work in this dissertation specifically focuses on the phenazine 

antibiotics produced by P. aureofaciens strain 30-84. P. aureofaciens 30-84 was isolated 

as a potential BCA firom the roots of wheat growing in a field in Kansas that had been 

continuously cropped with wheat for 65 years and which was subsequently experiencing 

take-all decline (162). A detailed description of the taxonomy of P. aureofaciens 30-84 is 

available (160). 

Phenazine antibiotics 

Phenazines are aromatic heterocyclic pigments that are produced by a wide variety 

of bacterial species (reviewed in [123,222]). Over 50 types of phenazines are known to be 

produced by bacteria. Phenazines are produced as bacterial cultures enter stationary phase 

and are therefore considered secondary metabolites (123). Phenazines are broad spectrum 

antibiotics whose derivatives show varying levels of toxicity to bacteria, fungi, plants and 

animals. Although very little is known about the mode of action of phenazines, a number 

of mechanisms have been proposed including: DNA intercalation, inhibition of RNA 
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synthesis, production of oxygen radicals or interference with metabolic processes (10, 

222). The biosynthetic pathways responsible for the production of phenazines are not well 

understood, however, phenazines appear to be derived firom the shikimic acid pathway via 

chorismate (222). 

Three phenazine antibiotics produced by P. aureofaciens 30-84 have been identified 

(162). These antibiotics, phenazine-1-carboxylic acid (PCA), 2-hydroxy-phenazine-l-

carboxylic acid (2-OH-PCA) and 2-hydroxy-phenazine (2-OH-PZ) are shown in Figure 6. 

The latter two phenazines (2-OH-PCA and 2-OH-PZ) are responsible for the distinctive 

orange coloration of this strain as they accumulate and diffuse into the surrounding 

medium. These phenazines have distinctive uv-visible absorption spectra with 

characteristic peaks between 230-250 and at 365 nm (162). 

COOH COOH 

C06 - 005--
phenazine-1- 2-hydroxy>phenazme* 2-hydroxy-phenazine 

carboxylic acid 1-carboxylic acid 

(Yellow) (Orange) (Orange) 

Figure 6. Phenazine antibiotics produced by Pseudomonas aureofaciens 

30-84. 

The stmcture of the phenazine antibiotics and their proposed biosynthetic pathway is 

shown. The color of each compound is shown in parenthesis. 
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A genomic region required for tiie synthesis of these phenazines has been cloned 

and sequenced (161,162). This region contains the phenazine biosynthetic operon 

iphzFABCD) which encodes five proteins involved in the production of the three 

phenazines (161). Using deletion analysis, it was determined that only PhzF, A, B, and C 

are required for phenazine production in £. colL Further deletion analysis and examination 

of the predicted amino acid sequences of these proteins suggested possible functions for 

each protein in the biosynthesis of phenazines. PhzF is similar to 3-deoxy-D-arabino-

heptulosonate-7-phosphate synthases (DAHP synthases) from plants which catalyse the 

first reaction in the shikimic acid pathway. PhzA is similar to 2,3-dihydro-2,3-

dihydroxybenzoate synthase which is required for the biosynthesis of enterochelin in £. 

coli. The product of the entB gene of E. coli encodes this activity. EntB is proposed to 

catalyse a reaction involving isochorismate and may also stabilize the macromolecular 

complex involved in enterochelin biosynthesis. PhzB is similar to anthranilate synthases 

(AS) which bind chorismic acid and convert it to anthranilic acid. Complementation 

analysis of AS mutants of E. coli by PhzB and previous identification of a phenazine 

mutant in P.fluorescens that overproduced anthranilate, suggested that anthranilic acid may 

be an intermediary in phenazine biosynthesis. PhzC is required for the conversion of PCA 

to 2-OH-PCA as shown by deletion analysis. Using these data, Pierson et al. suggested 

possible roles for PhzF ABC in the biosynthesis of phenazines (161). It was proposed that 

PhzF may provide additional phenazine precursors by altering the output from the shikimic 

acid pathway. PhzA and PhzB may then be part of a macromolecular complex which 

converts chorismate from this pathway to the phenazine precursor phenazine-1,6-

dicarboxylic acid (PZ-1,6-DCA) via an anthranilate intermediate. PhzC then converts 

PCA, presumably formed directly from PZ-1,6-DCA, into 2-OH-PCA. 2-OH-PCA is then 

thought to convert to the final phenazine, 2-OH-PZ, spontaneously or via a non-specific 

enzymatic reaction (73). 
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The biological relevance of the phenazines produced by P. aureofaciens 30-84 has 

been characterized. Two key studies have shown that; 1) the phenazine antibiotics 

produced by P. aureofaciens 30-84 ate primarily responsible for the ability of this surain to 

inhibit the fungal pathogen Ggt in vitro and in situ on wheat roots (162), and 2) the 

phenazine antibiotics enhance the ability of30-84 to survive in the rhizosphere in 

competition with indigenous organisms (130). In each of these studies, phenazine mutants 

constructed by random Tn5 mutagenesis were used to determine the specific contribution of 

phenazines to these phenomena. These mutants were unable to inhibit Ggt using in vitro 

plate inhibition assays (162). When used to treat wheat seed planted in artificially infested 

soils, these mutants did not reduce take-all disease as compared to wild type and 

uninoculated controls. Cosmids containing the phenazine biosynthetic operon introduced 

into these phenazine mutants restored their ability to produce phenazines and to reduce take-

all severity to a level similar to wild type 30-84. These results indicated that the phenazine 

antibiotics were primarily responsible for the ability of P. aureofaciens 30-84 to control 

take-all of wheat caused by Ggt. Comparison of survival over time in natural and steam 

sterilized soils showed that the populations of phenazine mutants declined much more 

rapidly than those of the isogenic wild type strains from which they were derived in natural 

soils (130). There was no difference in survival between these strains in steam sterilized 

soils. This data indicates that the ability to produce phenazine antibiotics enhances the 

competitive fitness of P. aureofaciens during competition with indigenous soil 

microorganisms. 
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Regulation of the phenazine biosynthetic operon 

The central role of the phenazine antibiotics in both disease suppression and 

competitive survival makes them an excellent choice for studies involving both biological 

control and ecological interactions between species. Regulation of the phenazine operon in 

P. aureofaciens is therefore an excellent model system in which to smdy the effects of 

various biotic and abiotic factors at a genetic level and how these factors influence the 

effectiveness and survival of a biological control strain. A determination of the factors 

affecting the regulation of these essential genes will eventually lead to a more complete 

understanding of the complex interactions which affect the efficiency of biological control. 

At the time this dissertation was initiated very little was known about the regulation of the 

phenazine biosynthetic operon. L. S. Pierson and V. D. Keppene had just isolated a region 

of the 30-84 chromosome that was linked to the biosynthetic operon which enhanced 

phenazine transcription in trans (see appendix A). Sequence analysis of this region showed 

that it contained a positive regulatory gene which belonged to the LuxR family of AHL-

responsive transcriptional regulators. The work presented in this dissertation details the 

characterization of this system and its effects on phenazine gene regulation both in vitro and 

in situ in the wheat rhizosphere. The following two sections describe additional regulatory 

inputs which affect the production of phenazines in 30-84. 

facA and lemA 

Analysis of two distinct genetic classes of spontaneously occuring phenazine non-

producing mutants resulted in the identification of a classic two-component regulatory 

system in P. aureofaciens 30-84 that mediates expression of the phenazine biosynthetic 
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operon (163). These mutants were deficient in the production of phenazines, HCN, 

protease, AT-S-hexanoyl-L-homoserine lactone (HHL, the signal produced by phzl, see 

appendix C), and overproduced an unidentified fluorescent siderophore. Sequence and 

deletion analysis of cosmids derived from a 30-84 genomic library that complemented one 

class of these spontaneous mutants identified a novel regulatory gene, gacA. The predicted 

amino acid sequence of GacA identifies it as a member of the response regulator subclass 

of two-component regulatory systems. In other Pseudomonas spp., GacA works in 

concert with its cognate sensor kinase, LemA, to control a variety of phenotypes related to 

antibiotic and HCN production as well as pathogenicity (172). Introduction of the P. 

aureofaciens gacA gene into the second class of spontaneous mutants, however, did not 

restore the phenotypic characteristics of these mutants. Since the phenotype of the 

remaining mutants was identical to gacA mutants, it was predicted that the mutations within 

these strains might reside in the lemA homolog of P. aureofaciens. This hypothesis was 

confirmed by the introduction of a heterologous lemA gene from P. syringae in trans 

which restored the observed phenotypes of this second class to near wild type levels. 

Neither the lemA gene of P. aureofaciens nor the specific environmental stimulus 

recognized by this system have been identified (30). 

The mechanism by which GacA mediates HHL production has been determined. 

Since other two-component response regulators mediate the transcription of their target 

genes, it was predicted that GacA control of HHL production operated via phzl 

transcription. To test this hypothesis, a phd-uidA fiision carried on pLAFR3 was 

introduced into a spontaneous gacA mutant (30-84W), a spontaneous lemA mutant (30-

84.A2), a phzB mutant (30-84Z) and a phzR mutant (30-84R) (163). Expression from the 

phzl fusion was reduced three fold in the phzR mutant, 40 fold in the lemA mutant, and 

was undetectable in the gacA mutant as compared to its expression in the control strain 30-

84Z. These data indicate that GacA controls the production of HHL in P. aureofaciens 30-
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84 by mediating transcription of the phzl gene responsible for the production of the HHL 

synthetase Phzl. This work provided the first evidence for a direct genetic linkage between 

a classic two-component response system and a AHL-response system. It appears that 

GacA control of phenazine expression may occur via a second mechanism in addition to 

control of the HHL intermediate. The addition of synthetic HHL to 30-84W (GacA 

mutant) cultures does not restore the expression of phenazine suggesting that GacA 

mediates phenazine expression via at least two distinct mechanisms. 

r p o S  

In addition to PhzR and GacA-mediated control of phenazine gene regulation, it has 

recently been determined that the stationary phase sigma factor (O^ of P. aureofaciens 30-

84 differentially effects phenazine production (98). The gene encoding (rpoS) of P. 

aureofaciens 30-84 has been cloned and sequenced and rpoS-uidA mutants (30-84S) were 

found to produce differential amounts of phenazines in a medium specific manner. In 

PPMD medium (modified firom [126]), which is known for its ability to stimulate 

phenazine production, phenazine production in 30-84S is stimulated two fold when 

compared to wild type. Interestingly, in 1/5 strength potato dextrose medium (1/5 PD, 

Sigma), 30-84S does not produce any detectable phenazines (as determined by examination 

of benzene extracted cell-firee culture supematants using ultraviolet-visible scanning 

spectroscopy [200-600 nm]). Wild type 30-84, however, produces low levels of 

phenazines in PD. The significance of these results is currendy unclear although they 

suggest that abiotic conditions mediate phenazine expression in conjunction with RpoS. 
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DISSERTATION FORMAT 

All research pertaining to this dissertation has been published or submitted for 

publication. This section describes the contribution of each paper to the overall biological 

question addressed and my contribution to the papers with authors other than myself and 

Leland S. Pierson HI. The chapter entitled "Present Study" summarizes the major findings 

of each paper. All papers are photocopied as published in the respective journal, and are 

included as appendices. The papers described in this section describe the development and 

characterization of the PhzI/PhzR ^-acyl-L-homoserine lactone response system which 

controls transcription of the phenazine biosynthetic operon of Pseudomonas aureofaciens 

30-84. 

In the first paper entitled "Phenazine antibiotic biosynthesis in Pseudomonas 

aureofaciens 30-84 is regulated by PhzR in response to cell density" (Appendix A), a 

positive transcriptional regulator (phzR) belonging to the LuxR family was identified and 

shown to positively control transcription of the phenazine biosynthetic operon. The cell-

density dependent induction of this operon and therefore the first linkage to classic quorum 

sensing regulatory circuits was established in this paper. The second paper entitled "The 

phzl gene of Pseudomonas aureofaciens 30-84 is responsible for the production of a 

diffusible signal required for phenazine antibiotic production" (Appendix B) describes the 

identification of the Luxl homolog, phzl, which is required for both phenazine biosynthesis 

and production of the diffusible AHL signal molecule. The final manuscript entitled "N-

acyl-L-homoserine lactone-mediated regulation of phenazine gene expression by 

Pseudomonas aureofaciens 30-84 in the wheat rhizosphere" (Appendix C), has been 

submitted for publication and describes the identification of iV-hexanoyl-L-homoserine 
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lactone (HHL) as the specific AHL produced by Phzl. In this manuscript it was 

established that HHL mediates inter-population signaling in the rhizosphere of wheat. 

Phenazine antibiotic biosynthesis in Pseudomonas aureofaciens 30-84 is 

regulated by PhzR in response to cell density (Appendix A). 

It has been recognized for some time that the expression of phenazine antibiotics in 

P. aureofaciens 30-84 was delayed until the cultures or colonies of this bacterium reached 

relatively high cell densities (222). The first linkage between this observation and classic 

cell-density dependent regulation mediated by members of the LuxI/LuxR family was noted 

during sequence analysis of a positive transcriptional regulator of phenazine biosynthesis. 

The phzR gene was initially identified when it was noted that a cosmid (pLSP259) from a 

P. aureofaciens genomic library introduced into P. aureofaciens strain 30-84Z increased 

expression of the phzB-lacZ genomic fiision carried by this strain. Subsequent deletion 

and sequence analysis localized this activity to a l.7-kb fragment of DNA which contained 

the phzR gene. The construction of a phzR mutant (30-84R) which carried a phzR-lacZ 

genomic fusion indicated that PhzR was required for phenazine production in P. 

aureofaciens 30-84. Introduction of phzR in trans into strain 30-84R resulted in an 

increase in transcription from the phzR promoter indicating that PhzR regulated 

transcription at both the phzB and phzR promoters. 

The predicted amino acid sequence of PhzR shared approximately 50% similarity 

and 30% identity with a group of proteins belonging to the LuxR family of AHL-

responsive transcriptional regulators. Based on this similarity, it was hypothesized that 30-

84 would produce a diffusible signal molecule which would accumulate in the culture 

supematants to a specific concentration and would then allow activation of transcription 
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from the phenazine biosynthetic operon. This hypothesis was tested by collecting cell-free 

supematants from late log phase cultures of 30-84.28-11, a mutant unable to produce 

phenazines due to a Tn5 insertion in the phzB gene. These supematants were shown to 

induce phzB-lacZ transcription in strain 30-84Z at a lower cell density than if grown in 

unconditioned medium. This result was consistent with the hypothesis that these 

supematants contained a diffusible inducer of phenazine biosynthesis. This work 

established the first linkage to classic AHL-mediated quorum sensing regulatory circuits in 

P. aureofaciens. Isolation and sequencing of phzR as well as construction and analysis of 

the phzR-lacZ fiision was performed by Veronique Keppeime under the direction of Leiand 

S. Pierson HI. I developed and tested the cell-free supernatant assay to determine if 

phenazine biosynthesis was regulated by a diffusible signal and verify that PhzR was a 

member of the LuxR family. 

The phzl gene of Pseudomonas aureofaciens 30-84 is responsible for the 

production of a diffusible signal required for phenazine antibiotic 

production (Appendix B). 

The discovery of the LuxR homolog PhzR and the presence of a diffusible signal in 

culture supematants of P. aureofaciens 30-84 indicated that a Luxl homolog existed in 30-

84 that was responsible for the synthesis of an AHL signal. Since the majority of LuxR 

and Luxl homologs are synthesized by genes which are adjacent in other systems, the 

region downstream of phzR was analysed to determine if it contained a gene encoding the 

Luxl homolog. Sequence analysis of this region identified a 591-bp open reading frame 

transcribed convergent with phzR which encoded the Luxl homolog phzl. 
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Cell-fi:ee culture supematants derived from £. coli strains containing tiie phzl gene 

were found to contain a diffusible signal which induced expression of the phzB-lacZ fusion 

of strain 30-84Z whereas supematants derived from cultures of £. coli strains without phzJ 

did not. E. coli strains which carried phzl on a liigh copy number plasmid were found to 

induce the phzB-lacZ fusion earlier and to higher levels than those containing phzl on a low 

copy number plasmid. In addition, cell-free culture supematants derived from 30-84 and 

E. coli strains which contained phzl were able to induce expression of a traA-lacZ fusion in 

A. tumefaciens that had been shown to respond to exogenous AHL. Mutational 

inactivation of the phzl gene of P. aureofaciens by the insertion of a kanamycin gene 

cassette eliminated the ability of this strain to produce this diffusible signal as well as the 

phenazine antibiotics. 

Since the specific AHL produced by Phzl had not yet been identified and since 

AHL-responsive regulatory proteins commonly respond to a variety of related AHLs, N-

(3-oxohexanoyl)-L-homoserine lactone (OHHL) was tested to determine if it was able to 

activate phenazine gene expression in P. aureofaciens 30-84Z. The ability of a previously 

identified AHL (OHHL is produced by the Luxl protein of Vibrio fischeri strains) to 

activate phenazine gene expression would suggest that PhzR was indeed a AHL-responsive 

transcriptional regulator. OHHL was found to activate transcription of the phzB-lacZ 

fusion of strain 30-84Z and also completely restored the ability of a phzl mutant (but not a 

phzR mutant) to produce phenazines. 

The data presented in this paper indicated that phenazine antibiotic production in P. 

aureofaciens 30-84 was mediated by a Luxl homolog which produced a diffusible signal 

that by all lines of evidence belonged to the AHL class of quorum sensing signals. All of 

the experiments, strains and assays described in this work were designed, constructed and 

performed by myself. 
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iV-acyl-L-homoserine lactone-mediated regulation of phenazine gene 

expression by Pseudomonas aureofaciens 30-84 in tiie wheat rhizosphere 

(Appendix C). 

Once the PhzR/PhzI AHL response system controlling phenazine biosynthesis had 

been identified in P. aureofaciens 30-84 we decided to identify the structure of the AHL 

produced by Phzl and determine if this molecule could operate as an inter-population signal 

in the wheat rhizosphere. 

Several years prior to this, I had established a collaboration with Paul Williams at 

the University of Nottingham, U.K. with the goal of identifying the structure of the AHL 

produced by phzl. This collaboration showed that Phzl was required for the production of 

A^-hexanoyl-L-homoserine lactone (HHL). All procedures related to the chemical 

identification of HHL as the AHL produced by the Phzl protein of P. aureofaciens 30-84 

were carried out by Mavis Daykin in Paul William's laboratories. All of the Pseudomonas 

strains used during this characterization were constructed by myself, Fangcheng Gong, or 

Leland S. Pierson m. Leland S. Pierson HI was also responsible for providing the initial 

bacterial culture supernatant extracts without which the chemical identification of HHL 

could not have been performed. 

During the TLC characterization of the AHL produced by Phzl, a second AHL 

produced by 30-84 was identified. This second compound was not produced in a phzJ 

mutant suggesting that Phzl was required for its production. Interestingly, this second 

AHL was also not produced by £. coli DH5a cultures which carried phzl in trans These 

data suggest that although Phzl is required for production of the second AHL, it is not 

directly involved in its synthesis. This may be analogous to LasI (OdDHL) control of rhll 

(BHL) expression in P. aeruginosa. In support of this hypothesis, a second pair of R/I 
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genes have recently been identified in P. aureofaciens 30-84. It may be that the PhzR/I 

system is dominant over this second AHL-response system in P. aureofaciens in the same 

manner that the las system is dominant over the rhl system of P. aeruginosa. The specific 

structure of this second AHL and its linkage to the newly identified AHL-response system 

of P. aureofaciens 30-84 remain to be determined. 

The activity of synthetic HHL was examined by its ability to induce expression of 

the phzB-lacZ fusion in P. aureofaciens 30-84Z. It was found that HHL was active at 

concentrations as low as 1 nM which is well within a physiologically significant range. 

Several other synthetic AHLs were also able to activate phzB expression although they 

required higher concentrations for recognition. All of the synthetic AHLs used in these 

studies were provided by Paul Williams. 

The ability of HHL to function as an effective signal molecule in the wheat 

rhizosphere was tested using P. aureofaciens strains 30-84Ice and 30-84Ice/I. Strain 30-

84Ice was constructed by Fangcheng Gong and contains a chromosomal phzB-inaZ fusion 

which can be used to monitor phenazine gene expression in the rhizosphere. 30-84Ice/I is 

an isogenic derivative of this strain which is unable to synthesize HHL due to a disruption 

in the phzJ gene. Studies performed in the wheat rhizosphere showed that expression of 

the phzB-inaZ reporter in strain 30-84Ice/I was reduced 1000-fold compared to its 

expression in strain 30-84Ice. Thus, Phzl is required for normal phenazine expression in 

the wheat rhizosphere. 

These strains were also used to determine if HHL could mediate inter-population 

signaling between distinct genetic populations of P. aureofaciens in the wheat rhizosphere. 

Mixtures of strain 30-84Ice/I and the HHL producing strain 30-84Z or its non-HHL 

producing derivative 30-84Z/I showed that the presence of the HHL producing strain 

restored expression of the phzB-inaZ fusion of strain 30-84Ice/I on wheat roots to 100% of 

wild type levels (wild type expression was indicated by phzB-inaZ expression in strain 30-
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84Ice). Similar complementation was not seen with the HHL deficient strain 30-84Z/I. 

This showed that HHL mediated inter-population signaling functioned in the wheat 

rhizosphere. Further work using increasing proportions of the HHL producing strain 30-

84Z to the 30-84Ice/I HHL sensing strain showed that increasing the proportion of HHL 

producing bacteria in the rhizosphere resulted in a concomitant increase in expression of the 

phzB-inaZ reporter. Finally, it was shown that this inter-population signaling occured in 

the rhizosphere of pea suggesting that AHL-mediated signaling was not specific to the 

wheat rhizosphere. 

Except where noted, all of the experiments, strains and assays described in this 

work were designed, constructed and performed by myself. 

II. PRESENT STUDY 

The methods, results, and conclusions of this study are presented in the papers 

appended to this dissertation. The following is a brief description of the most important 

findings in these papers. 

Phenazine antibiotic biosynthesis in Pseudomonas aureofaciens 30-84 is 

regulated bv PhzR in response to cell density (APPENDIX A). 

1. The phzR gene of P. aureofaciens 30-84 was identified and sequenced. 

2. PhzR is a member of the LuxR family of AHL-responsive regulatory proteins. 

3. PhzR positively regulates transcription of the phenazine biosynthetic operon. 

4. PhzR is required for phenazine production. 
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5. PhzR activates transcription of tlie phzR gene. 

6. Cell-free superoatants derived from late log cultures P. aureofaciens 30-84 contain a 

diffusible inducer of phenazine biosynthesis. 

The phzl gene of Pseudomonas aureofaciens 30-84 is responsible for the 

production of a diffusible signal required for phenazine antibiotic 

production fAPPENDIX B). 

1. The phzl gene of P. aureofaciens 30-84 was identified and sequenced. 

2. Phzl is a member of the Luxl family of AHL synthetases. 

3. Phzl directs the synthesis of a diffiisible signal that stimulates phzB expression in P. 

aureofaciens and troA expression in A. tum^aciens. 

4. Phzl is required for phenazine production. 

5. Synthetic iV-(3-oxohexanoyI)-L-homoserine lactone (OHHL) activates phzB 

expression. 

6. Synthetic OHHL restores phenazine production in a phzt mutant. 

A/^-acvl-L-homoserine lactone-mediated regulation of phenazine gene 

expression bv Pseudomonas aureofaciens 30-84 in the wheat rhizosphere 

rAPPENDlX C>. 

1. Phzl is required for the synthesis of iV-hexanoyl-L-homoserine lactone (HHL) in P. 

aureofaciens 30-84. 

2. HHL regulates the transcription of phzB at concentrations as low as I nM. 
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3. HHL regulates phenazine productioa. 

4. The following synthetic AHLs mediate phenazine expression: ̂ -butanoyl-L-

homoserine lactone (BHL), A^(hexanoyl)-L-homoserine lactone (HHL), N-(3-

oxohexanoyl)-L-homoserine lactone (OHHIiVAI-l), ̂ -(3-oxooctanoyl)-L-homoserine 

lactone (OOHL/AAI), and iV^(3-oxohexanoyl)-L-homocysteine thiolactone (OHTL) 

5. The following synthetic AHLs do not mediate phenazine expression: N-O-

oxodecanoyl)-L-homoserine lactone (ODHL) and iV-(3-oxododecanoyl)-L-homoserine 

lactone (OdDHL/PAI-l). 

6. Phzl is required for normal phenazine gene expression in the wheat rhizosphere. 

7. Distinct genetic populations of P. aureofaciens 30-84 use HHL as an inter-population 

signal molecule to affect transcription of phzB in the wheat rhizosphere. 

8. Increasing the proportion of HHL-producing bacteria results in concomitant increases 

in phzB transcription in the wheat rhizosphere. 

9. HHL-mediated signaling in P. aureofaciens occurs in both wheat and pea rhizospheres. 

SUMMARY AND FUTURE DIRECTIONS 

Control of phenazine antibiotic production in P. aureofaciens 30-84 is mediated by 

a complex regulatory network. At least two major regulatory circuits have been defined to 

date. The first of these is the AHL response system comprised of the Phzl and PhzR 

proteins. PhzR activates transcription of the phenazine biosynthetic operon in response to 

the diffusible signal molecule HHL produced by Phzl. This regulatory circuitry operates 

both in vitro and in situ in the wheat rhizosphere. A significant body of work not presented 

in this dissertation involved the collection and testing of a variety of common bacterial 

species, some of which have been implicated in biological control, to determine if they 
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produced diffusible signals recognized by PhzR. In addition, a library of rhizosphere 

bacteria isolated firom wheat roots collected fix>m various counties in Arizona, Washington 

State, and Canada was assembled and tested to determine if naturally occuring rhizosphere 

bacteria could produce diffusible signals, presumably AHLs, recognized by PhzR. The 

results of this testing showed that approximately 8% of naturally occuring wheat 

rhizosphere bacteria produced detectable AHL activity as determined by their ability to 

complement the phzl mutants 30-841 (in an in vitro plate complementation assay) and 30-

84Z/I (in quantitative assay for AHL in culture supematants). Further work by Elizabeth 

Pierson suggests that at least three of these rhizosphere strains can restore expression of the 

phzB-inaZ fusion of strain 30-84Ice/I in the rhizosphere assay (158). These data indicate 

that the AHL response system of P. aureofaciens 30-84 can not only respond to inter-

population signals that it produces itself, but can also recognize and alter gene expression in 

response to AHL signals produced by other bacterial species normally found in the wheat 

rhizosphere. 

The second regulatory circuit which controls phenazine production in P. 

aureofaciens 30-84 is the GacA/LemA two-component global regulatory system. This 

system controls both phenazine production and HHL production. In collaboration with 

Scott Chancey it was determined that GacA controls HHL production via phzl 

transcription. This work was the first to show a direct genetic linkage between a classic 

two-component regulatory system and an AHL response system. A model which depicts 

the effect of these two regulatory circuits on phenazine gene expression in P. aureofaciens 

30-84 and the various stimuli with which they may interact is shown in Figure 7. 

Understanding the regulatory inputs which effect phenazine gene expression in P. 

aureofaciens 30-84 will have a significant impact on the application of biological control in 

the future. As more is understood about the interactions which occur between the 

introduced biological control agent and the organisms with which it shares the complex 
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rhizosphere, we can adapt our current methodologies to account for those factors which 

reduce the efficiency of biological control and accentuate those factors which enhance its 

efSciency. Using the regulation of phenazine antibiotics in P. aureofaciens 30-84 as a 

model system, we can now investigate the effect of the local microbial community on the 

expression of competitive mechanisms at the genetic level directly in the rhizosphere. 

Using the reporter strains described in this work we can look specifically at the effect of 

AHLs produced by indigenous rhizosphere organisms on phenazine gene expression 

within the rhizosphere. Continuing work by Elizabeth Pierson is examining how these 

indigenous rhizosphere bacteria influence phenazine expression and suppression of take-all 

through interactions with the PhzI/PhzR HHL response system of P. aureofaciens 30-84. 

This work will be useful in determining the effect of such organisms on the successful 

outcome of applied biological control. 

Another intriguing property of this reporter system is its ability to examine the effect 

of complex microbial communities present in natural soils on phenazine gene expression in 

30-84. For example, the rhizosphere assay could be used to examine soils in which control 

of take-all by applied biological control agents is efficient and compare this to those soils in 

which it does not operate or is less efficient in an attempt to determine if AHL production 

by indigenous microorganisms plays a role in the consistency of applied biological control. 

Soils which are naturally suppressive to Ggtcaa also be compared to non-suppressive soils 

in the same manner. 

In only a few years, P. aureofaciens 30-84 has gone firam a relatively obscure 

biological control agent to become the best characterized genetic sytem available for the 

study of genes and products related to biological control. The PhzI/PhzR HHL response 

system numbers among the six best characterized model systems for AHL-mediated gene 

regulation and is the only such system characterized in a biological control agent. This 
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unique model system promises to provide significant insigtits into both biological control 

and the ecology of AHL-mediated signaling in bacteria. 
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Figure 7. Regulation of the phenazine biosynthetic operon of Pseudomonas 

aureofaciens 30-84. 

Details of the regulatory circuits represented in the model are described in the text. The 

organization of the genomic region containing the phenazine biosynthetic operon 

(phzFABCD) and the genes which comprise the HHL response system (phzl and phzR) is 

depicted by the thick line with the direction of transcription as indicated by the arrows. 

Note that the gacA and lemA genes are not shown since they do not appear to be linked to 

the phenazine operon. The large rounded rectangle represents the cell wall of an individual 

bacterium. Proteins are mdicated by shaded boxes or circles which contain letters 

corresponding to the proteins which they represent as follows: GacA (G); LemA (L); Phzl 

(D; PhzR (R); PhzF (F); PhzA (A); PhzB (B); PhzC (C). 
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We have identified a gene that acts in trans to activale the expressna of the phenazine biosynlhetic genes in 
the biological control oiganism Pseudomama atinqfiieieia 3M4. This gene, phzR (phenazine regulator), is 
located npstream of and diveigently transcribed from the phenazine biosynlfaetic genes. Thus, the pbenadne 
biosynthMic loens consists of at least two dhrcfgentljr transcribed openms. A ftmcttenal phzK gene is required 
for phenazine prodnction. The nndeolidescqnciiceor f̂eitretcalcd an open reading frame of723 nndeotides 
encoding a protein oTca. 27 IcDa. The predicted amino acid sequence of FhzR has homoiogjr with other bacterial 
positive transcriptianal activators, indndlng LasR of PstadomoHas aeratguMSB. LnxR of Vibrio fisdurS, and 
TraRor4gra6acMru(ataiiiie^SKiieiii.Tlieadditionofcel|.&cesDpeniataats from iate«zponentiiU.pliase cultures 
of strain 34MM resulted in expression of a genomic pHzBskteZ reporter strain at a himcr cell densî  tlian 
nonnai, indicating the possible presence of an anloindncer. These resalts indicate that PhzR is a aiember of 
a two<oraponent sensor'̂ egnlator bmHy with imown or predicted carboqr.temilnal DNA4>{nding domains 
which regulates gene expression in response Co environmental and ceil density signals. 

Pseudomonas aureofaciens 30.84. when applied to wheat 
seeds, is capable of protecting wheat Erom take.alL a disease 
caused the fimgus Caeunuutnomyces paminis var. oittd (1. 
20). Strain 30.84 produces three phenazine annbiotics. phena
zine-lorboxy lie add. 2-bydroxy-phenazine-I.carboxylic add. 
and l-hydroj^-phenazine. Production of these phenazine an
tibiotics by strain 30-84 is primarily responsible for disease 
suppression (20). 

In addition to inhibiting fungal pathogenesis, phenazine 
antibiotics play important roles in microbial competition and 
rhizosphere surviv^ (16). Populaoons of Phz~ mutants of 
either Pseudomonas fluorescens 2-79 or P. aureofadens 30-84 
decline more rapidly in nonsterile soil than their oogenic Phz' 
strains. Thus, phenazine production may be important for the 
long-term survival of these fluorescent pseudomonads in the 
wheat rhizosphere. 

The mechanisms regulating phenazine antibiotic bioqmthe-
sis in fluorescent pseudomonads are unknown. Because phena
zine produaion is important for both pathogen inhibition and 
baaerial survival, understanding the reguianon of phenazine 
antibiotic production has important practical implications for 
improving biolc^cal control of soDbome pl^t doeases. 
Phenazine antibiotics are produced only during late-exponen-
tial and stationary growth phases (28). In a previous worlc. Tn5 
mutants of P. aureofaciens 30^ unable to produce phenazine 
antibiotics were identified (20). Loss of antibiotic production in 
these mutants resulted in loss of the abili^ to inhMt the fimgal 
pathogen. Restoration of phenazine production in these mu
tants ^ a single cosmid Crom a genomic library of strain 30-84 
resulted in restoration of pathogen inhibition both in vitro and 
in vivo. This cosmid. pLSF2S9. contained contiguous £icx7RI 
fragments of 11.2 and 9.2 kb. The phenazine bio^thetic 
region was localized to a region of ca. S kb in the 9.2.kb EcoRl 
trapnenv 

In this paper, we report the identification, cloning, and DNA 
sequence of a positive regulator of phenazine antibiotic pro-

" Corresponding author. Phone; (602) 621.9419. Fax: (602) 621-
9290. 

duction in P. aureofaciens 30.84. This gene, which we have 
named phzR (phenazine regulator), activates enpression of 
phzB, a gene involved in phenazine-lorfaaxyUc add biosyn-
thesK severalfold in trans. A functional phzR s required for 
phenazine antibiotic production. The deduced amino add 
sequence of the PhzR protein and the effect of cell-firee culture 
supematants on the expression of a phzBvdacZ reporter strain 
indicate that PhzR s a member of a ^ily of profcaryotic 
transcriptional two<omponent activators that positively regu
late gene expression in response to cell density signals (re
viewed in reference 6). 

MATERIALS AND METHODS 

Bacteria and piasmids. Bacterial strains and plasmids are 
described in Table I. A spontaneous ri&mpin-resistant deriv
ative of strain 30-84 (20) was used in all studies. Strain 30-84 
and its derivatives were grown at 28°C in nutrient broth yeast 
extraa (29). pigment pr^uction medium (PPM) (11). or AB 
minimal metfium (22). Escherichia coU strains were grown at 
37°C in Luria-Bert^ medium (LB) contaimng 5 g of NaQ per 
b'ter (14). E. coU LE392 containing Tn5-B20 (1^ was grown in 
LB and maltose (0.2%). p-Aminobenzoic add was used for 
triparental matings at a concentration of ID |ig/ml in order to 
suppress phenazine antibiotic production which otherwi^ 
kill^ the donor bacteria (20). The antiliiotics used induded 
kanamydn sulfate (SO tig/iol), ampidlUn (100 iig/ml). nalidixic 
add (^ |ig/ml). and rifampin (75 |tg/i^). Tetrai^cline was 
used at a concentration of 25 iigM forE. coB strains and of 40 
|xg/ml for selecting P. aureofaciens exconjugants. 

Triparental nmtings. Triparental matings into strain 30-84 
or its derivatives were performed with E. coli DH5a as the 
donor and HB101(pRK2013) as the helper. Approximately 
equal numbers of donor, helper, and redpient were spotted 
onto sterile nitrocellulose filters on a plate with LB plus 
p-aminobenzoic add and incubated at 28°C for 24 to 48 h. The 
filters were resuspended in 2 ml of sterile water, and an 
appropriate amount was spread on plates with LB plus ri-
&mpin and tetracydine and incubated at 28°C 

TvStacZ mntagenests of cosmid pLSP259. Lysates of lamb-

3966 
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TABLE L Bacta  ̂saatns and plasmiib used in tUs study 

Strain, pbsmid. 
or tramposoQ Refevant diaxxteiistks Source or 

reference 

P. aunofaeiens 
30.84 
30.84^11 
30.S4Z 
3084R 

£. coU 
S17-I 
DH5o 

KBIOI 
ET8556 
LE392 

Plasmids 
pLAFR3 
pRK20I3 
puas 
p{C20H 
pLSP259 
pLSPlO-21 
pLSPlO-30 
pLSP259Tn5/iic#42 
pLSP10-21At#2S tbtougb -#39 
pLSP20H-Z7#7 
pLSP20H-17#12 

pLSP20H-17RV(teI 
pLSP20H-2.7Bgldel 
pLSPi7#lI 
pLSPZ7#20 

pLSP2.7RVdel 

pLSP2.7BgIdel 

pLSP2.7#20exo#7 through -#21 

Traosposon 
Tii5-B20 

Pbz* Rif wild type 
Phe~ TnS'sphzB Rif 
Phz' Rif p/i7lf~bc7. genoniK fiision 
Phz' Rif piBltzlnSlmiZ genomic fisibn 

thi pro hsdR hsdU rtcA rpsL RP4-2 (Tet'sMu) (Kan'sTnT) 
F" recAl atdAl hsdRTTmpBU thi-1 gfrAS6 rtUl MaiiF-laeZYA) 

I169<ii80&icZAMI5/-
F~ hsdSO (rB~inB~) supE44 ncAl araI4 proA2 tacYl gaOC2 rpsL20 

xfi-5 imt-51-
lar' rbs facZrrlSl gyrA hiaC^ 
F" hsdRSH (r,," mn") supE-14 supF58 lacYl gfUK2ffdT22 metBl 

apRSSX.' 

IncPl Tet' eos' rk' 
IncPI tm oriEI Kan' 
CblEl Amp' 
ColEl Amp' 
pLAFR3 containing 22 U> of 30-84 chromosomal DNA 
pLAFRS containing the 11.2-kb EcoRl Ccagment of pLSP2S9 
pLAFR3 contaming the 9.2-kb £h>RI fragment of pLSP2S9 
TaSlacZ insenioo within phzR in pLSP2S9 
pLAFR3 containing Pal &agmeo(s firom pLSPlO-21 
pICZOH containing the 2.7-ltb Pal fragment of pLSPlO-21 
pIC20H containing the 2.7-lcb Pstl fragment of pLSPIO-21 (opposite 

orientation) 
£a>RV deletion of pLSP20H-r7#7 
BgnX deletion of pLSP20H-2.7#I2 
pLAFR3 containing the 2.7.U> Pstl phzR fragment 
pLAFR3 containing the 2.7-ltb Pstl phzR fra^ent (opposite 

orientation) 
pLAFR3 containing the ficoRV deletion of the 2.7-kb Pstl fragment 

containing 
pLAFR3 containing the Sgfll deletion of the 2.7-kb Pstl fragment 

containing pfeK 
Exonudease m deletions into the 3' end of phzR 

pSUP102=TnJ4icZB20 

W. W. Bodns 
20 
Ths study 
The study 

24 
GIBCO-BRL 

GIBCO-BRL 

13 
19 

26 
3 
33 
15 
20 
This study 
TTiis study 
This study 
This stutiy 
This study 
This study 

This study 
This study 
This study 
This study 

This study 

This study 

This study 

da::Tii5-B20 were prepared from E. coU LE392(Tii5-B20) by 
the confluent lysis method (14). These lysaies were used to 
introduce Tii5-B20 into DHSa(pLSP259) as described by 
Simon et al. (25). Kanamydn-resisiant colonies were washed 
from plates with 2 ml of LB, centrifiiged brie^, and resus-
pended in 0J2 ml of LB. To select for mserdons ofTn5-B20 in 
pLSP259. the resulting cells were conjugated with ET85S6 
(NalO for 4 h, spread on plates with LB plus naUdixic acid, 
tetracycline, and kanamydn, and incubated at 3TC Altema-
tivety, a spontaneous rtfampin-resistant derivative of DHSa 
was used and plated on plates with LB plus tifompin, tetracy
cline, and kanamydn. Plasmid DNA was solat^ from the 
exconjugants, and the location of the Tii5-B20 insert was 
determined by restriction ets^e analysis. 

DNA manipulatHMis. DNA wiaoons, restriction enzyme 
digestians, agarose gel electrophoresis, ligations, and transfor-
manon were all performed as described previously (20). Exo-
nuclease III delenon derivatives were construaed with the 
Erase-A-Base kit. supplied by Promega Cbiporation, accord
ing to the manufacturer's instructions. 

Constnictloa of £coRI ddedons in pLSP259. Cosjnid 

pLSP2S9 contains 11.2- and 9.2-kb EcoKL fragments carrying 
the phenazine bio^thetic region plus adjacent chromosomal 
DNA (Fig. 1). The phenazine biosynthecic region was localized 
prevMUsiy to ca. S kb in the 9^-tcb EcoRI fragment (20). 
Cbsmid pLSP2S9 was digested with fcoRI, and the resulting 
products were ligated and transformed into E. coU DHSct. 
Tetracycline-resistant transfonnants were screened for the 
presence or loss of either the 11.2- or 9.2-kb £coRI fragment, 
respective^. Plasmid derivative pLSPlO-21 contains the 
11.2-kb EcoRI fr^ment while pLSPlO-30 contains the 9.2-kb 
£coRi fragment. 

Cloning pLSPlO-21 All fragBwnts into pLAFR3. Digestion 
of cosim'd pLSP10-2I with Pstl resulted in the identificanon of 
six Pstl fiiagments in the 112-kb EcoRI fragment. These 
fragments were cloned into the umque Pstl site in pLAFR3. 
tra^oimed into £. coS DHSa. and plated on media contain
ing tetracycline and X-Gal (S-bromo-4-chloro-3-indotyt-3-i>-
g^ctopyranoside). Tetracycline-resistant white transfonnants 
were introduced into 30-84Z. and their effect on p-galactosi-
dase activity was determinecL 

Localization ofpAzX to a ca. 0.8-kb fragment. A 2.7-kb Pstl 
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FIG. I. Loraliratioii of the region containingffcR. The location of the regioa resulting in maximmn ̂ -galaamidasc aoivatmn was detennined 
by measuring the eSeas of the mdicated subclones of cosmid pLSP2S9 on p^galactosidase expression in the phzB:JttcZ reporter strain 30.S4Z. 
Strains weie grown overnight as described previously. Effect of £i»RI deletions of pLSP2S9 (A) and of Pal subclones of the 11.2-Icb £coRI 
fragment of pLSPlO-ll (B) on '̂falactosiitoe expression. Thick lines indicate 30  ̂genomic DNA. Thin line indiates pLAFR3 DNA. The 
inverted triage above pLSP2S9 indicates the location and orientation of the Tn5iiicZ insert in pLSP2S9Tn5iiic#4Z Units indicates average 
.̂galaaosidase units (Miller units) after 24 h (OD„a, of ca. 0.7 to 1.0). Ratio indirates the ratio of p.galanosidase units in the presence of the 

introduced DNA to the ̂ .galaaosidase units in the presence of the vector alone. Restriction site abbreviations are as follows: R, £coRI: V. £a)RV: 
S. Safl: P. ftrl: H. Mndlll. 

fragment from pLSPIO-21 was shown to confer a lO-foId 
increase in p-galactosidase levels in irons in strain 30.84Z (Fig. 
1). This Atl 6agment was cloned into the uniqne AttI site in 
vector pIC20H. and two of the resulting constructs. pLSP20H-
2.7#7 and pLSP20H-Z7#12, contained the 2.7-kb Fat fiag-
nent in opposite orientations. Restriction mapping indicated 
the 2.7-kb fragment contained a single EcoRV site and a single 
Bg/II site (Fig. 2A). Plasmid pLSP20H-2.7RVdel was con
structed by digestion of pLSP20H-2.7#7 witbfcoRV followed 
by ligation. Similarly, plasmid pLSP20H-2.7BgIdet was con-
stniaed by digestion of pLSP20H-2.7#12 with Sgfll. Each of 
these deletion derivatpres was digested with ffihdHI and 
reintroduced into the HmdHI site in pLAFR3. The resulting 
letracych'ne-resotant tiansfomiants (pLSP2.7RVdel and 
pLSP2.76gldel) were screened for loss of the desired frag
ments, and the correct clones were introduced into strain 
30-84Z by triparental mating. Plasmids pLSF2.7#ll and 
pLSP2.7#20, which contain the 2.7.kb Pal fragment in 
pLAFR3 in opposite orientations, were used to construct a 
series of exonudease III deletions in order to locals the ends 
of pkzR (Fi^ 2B). 

Transactivatioii assays. For each strain to be tested, 3 ml of 
AB plus tetracycline cultttre was grown with shaking for 24 h at 
25°C to an average optical density at 620 nm (OD^jo) of ca. 0.7 
to 0.9. Each culture was sampled and assayed for p-galaaosi-
dase activity according to the method of Miller (18). Each 
experiment was repeated three to five times, with stram 30.84Z 
or 30-84Z(pLAFR3) included as a cootroL 

DNA sequence of pkzlL The DNA sequence of phzR was 

determined with Sequenase 2.0 from U.S. Biochemical Corpo
ration or was carried out by the University of Arizona Biot^-
nology Center on an Applied Biosystems automated DNA 
sequencer. ONA sequence analysis was performed with Unt-
versiiy of Weconsin Genetics Cbmputer Group software pack
ages. 

Expression of FbxR. The DNA sequence of phzR indicated 
that a Ncol restriction site was located S9 nudeotides down
stream of the first possible start codon of phzR (Fig. 3). A 
second Afcol site was located ca. 0.9 kb frinher downstream by 
restriction mapping (not shown in Fig. 3). This 0.9-kb Ncol 
fragment was introduced into the A/coI site in the prokaryotic 
egression vector pRSETB (Invitrogen. Inc.] in both orienta
tions. Expression of the pAz/2 gene fragment was induced 
according to the protocol supplied with the vector, and the 
products were analyzed by di^ntinuous 10% polyaciylamide 
gel electrophoresis (14). 

Bioio|ical assqr for antaiadncer. Cultures (10 ml) of the 
strain to be tested for the presence of an auioinducer were 
grown in PPM mediimt with aeration for 15 to 18 h at 28°C to 
an average OD^ of ca. 0.7 to 1.0. Cells were removed by 
centrifiigation (5,820 x g), and the supematants were passed 
through a 0J2-|tm-pore-size filter. The supematants were 
adjusted to pH IS. The indicator phzBvJacZ reponer strain 
30^Z was grown in PPM broth with aeration at 28°C to an 
ODg2DOfca.O.I (ca. 10" CFU/ml). The culture was centrifuged 
(5,820 X g) and resuspended in 90% supematant-10% fresh 
PPM medium. p-Galaaosidase activity was measured over 
time as described above. 
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FIG. 2. LocalizationofpAz/Z.(A) EffectofspeciiicdelenoasintheZT-kbftrlfragnientconlaming;>A:Ronciaiisactivaiion.(B)Tra>Bactivalion 
by phzR is orientalion independenL Localizaoon of one end of pHzR by exonodease HI digestion. Thick lines indicate 30-84 DNA. Thin lines 
indicate pLAFRS DNA. P-Calactosidase units and ratios are as defined in the legend to Fig. I. Resniction site abbreviatioas are as before: Bg. 
BgdL nd. plasmids not assayed. 

Nudeotide scqucnce accessioa nnmbcr. The DNA sequence 
of pftzR has been subtmned to the GetiBank data base under 
the accession number L32729. 

RESULTS 

Ooning of phzR from P. aamtfadao 30-84. To identify the 
regions of the P. aurtofadens genome involved in reguianon of 
phenazine gene expressioti. cosnuds from a genomic library of 
strain 30-84 were intnxiuced in trans into the reporter deriva
tive strain 30-84Z by triparental mating (Fig. 1). Strain 30-84Z 
contains a single-copy genomic phzB^cZ fii^n and a wild-
type copy of phzR. liie gene phzB B invotved in the productibn 
of phetiazine-l-cartxnwlic add, the first of three phenazines 
produced by strain 30^ (27). In strain 30-84Z. p-galactosi-
dase activity replaces phenazine-l-carboj^lic add productioiL 
Introduction of cosmid pLSP2S9, which contains the 9.2-kb 
EcoRl fragment carrying the phenazine bio^thetic locus plus 
the 11.2-lcb £co RI fragment, resulted in a sixfold increase in 
the level of p-galactosidase expression in strain 30-84Z com
pared with the activity obtained with the vector pLAFR3 alone 
(Fig. lA). Deletion analysis indicated that all subdones capa
ble of activating ^-galactosidase activity contained a common 
2.7-kb /'5tl 6aginent located in the ri^t end of the 11.2-kb 
£coRI bagmenL The presence of additional copies of ths 
2.7-lcb Pstl fnigment was suffident to result in the transactiva-
uon ofphzB (Hg. IB). Since the Z7-kb ftti Eragment activates 
3-galactosidase expression in trans, we named the gene con
tained in this &ag^nt pkzR for phenazine regulator. 

Localization tS phzR. Deletion of the 0.5-kb ft(I-£coRV 
region of pLSP2.7#lI destroyed its abih'ty to stimulate pAz0 
expression in strain 30-84Z (Fig. 2A). Deletion of the LO-kb 
Pstl-Bgfn region of pLSP2.7ii^ did not affect transactivation. 
This localized the phzR coding region to a ca. I.7-kb region. 
Transactivanon by the 2.7-lcb Pstl Eragment was orientation 
independent in pLAFR3, indicating that ê r̂ession of phzR 
was not dependent on an exogenous plasmid promoter (Fig. 

2B). Unidirectional deletions in the region believed to contain 
phzR indicated that one end of phzR was located ca. S50 bp 
upstream fix)m the Bg/II site (Fig. 3). 

Addilioul regiaiis inflneiKiiig pfeS acttvatnn iqr PhzR. 
Introduction of the adjoining 0.76-lcb Pstl fragment in addition 
to the Z7-kb Pstl Eragment containing phzR (pLSPIO-
21Pst032) attenuated but did not abolsh activation of the 
phzBrJacZ fusion by phzR (Fig. IB). Introduction of the 
0.76-lcb Pstl fragment alone (pLSPI0-2IAr#31) resulted in a 
decrease in the basal level of p-galaaosidase expression in 
strain 30-84Z. as did the presence of a 1.9-lcb Pstl fragment 
(pLSP10-2Ii«ir#35) located to the left of the 2.7-ltb ftrl 
fragment (Fig. lA). 

DNA scqucace analysis and eqmssioa of pfuR in £. caG. 
The nudeotide sequence of 1.075 bp contairung the phzR 
coding region was determined by the Sanger ch'deoxy method 
(Fig. 3). Computer analysis revealed a single open reading 
frame consisting of 723 nadeotides which we designated phzR. 
A potential Shine-Dalgamo sequence was located 7 nucleoti
des upstream from the putative start of translation. The 
translated protein has a deduced molecular mass of 27.426 Da. 
The amino add sequence of PhzR predicts a relatively hydro-
philic protein, with no transmembrane-spanm'ng domains (12). 
The frequency of codon usage is similar to those of other 
Psaukmonas spp., and the CC content (57%) is high through
out the phzR open reading frame, incfa'cating VbMphzR repre
sents an actual Pseudomonas gene (10. 32). Additionally, an 
A/T-rich region, located upstream of the translation start site, 
may be mvolved in transcription initiation (8). 

To determine whether the proposed open reading frame 
could encode a protein, we tested its expression in E. coU. We 
placed the 0.9-1^ M;oI fragment which contained all but the 
proposed first 20 residues of PhzR under control of the T7 
promoter in pRSETB. This construction should fuse a 24-lcDa 
peptide from phzR in frame with a 4J-lcDa peptide from the 
vector. In this construct a fusion protein of the predicted size 
would be produced only if the proposed reading frame and 
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C<oeAqeCCCCCCOA»CAAe<QTyOCil<TJlgyOTOAAOAOOCQCatTejlTTCQ»CQOCy 
*130 A0A6ACGaTJUkTGGCTTAeCAACJLTC0CCC06Jtt6CJUlS0<TCTAAGTAa«TA0«TGaAT 

Hbel -tfO tJLOGCAaUTOAATCTAgypCTAGCOCgAAOCCCtCTAyCAegCtQ»CJHg*yCeyTQtT 

OACAGACGTVCAGOYTGSTCTAGTCTJULCGGCCTGTTYTCJLACT^j^BQCTCAAAB 
61 

PGAATTAGOGCAGCAGVYOGGATGGGATQCOTACtTfTATAGTATCTYTGCQCOAJifCCA I L 6 Q a i » a « D A T r T 8 r r A R .  T  
®col X3l T^AMTSCAGOAG<TTACOGCTGTCaCOTtaAaaOCCTTGCGCaAACTACaaiT<OAT< •  D  • Q S r V A T A L R A L B B L R F D  
nnXCGCTACOaCATGTOCAGCaTGACTCCatTCATGCGaCCCAaOACKATASGTVti: r F K . T Q > C S T T C r K A P K T T a T  

ScaRV 2^̂  SeAATCATCeCOAGaACSOOOVaCAOCOATATCAaGCaCCTAACCACOCGaTGASCGATC O I T I B O i r T Q  • *  1 — Q  A A B T A T I O  
301 CCACOQTGAAACACAOCAAAGXAXCQtCGICCCCCAmTGaCGAGCAAXaAaTTGncC 

r T T K E S K V S S S P I L A S B B L r  

3C1 aTGOSTCCCCaOAICTOTOGTCCOAAGCCAACOACTCGAAmACOCCACOGCCTGOCAC a o C P D L l r S B A B D S > & R B G I . A  
AGCCCTCGTTCAACACCCAOGOOAGaGTTCGOGTGTTAACCCTGGCOCGCAAaGATAATC Q P S r B T Q G R 7 G T L S I . A K E D S  

«ei CCATCAGTCTTCAGGAASTTGAGGCGKGAAGGTGGTGACCAAGGCGTTCOCCGCAQCGQ P I S : . a B r B A b K T T T B A r A A A  
TCCACGAGAAGAITTCCGAGCTQGAOAGCGACGTGCGTOTGTTCAATACOaATGTCGAG'F T S E X I S B L B S D r R V - p B T O r E  

£01 fCAGCOOTAaGQAAlaTOXTQIOCTOCSCfOGACGOCCGACGGCAAOACCtCGQACQAAA 
r S G R B C D V L R B T A D G R T S B B  

TCGGCaTGATCAXGOOOGTGTGCACCGASACSGTOAATTACCACCACCGCAACATCCAAC I G T I K G T C T O T T B T B B R B I Q  
SruZ 721 GCAAAATCGaCGCCAGCAACCGCGTGCAOGCAtCTCCCCACGCCGTcacaAVGQGCTATA RBlaASBBVQASRTA "V X—K G T 

"W 7.1 I^HOGGTCATTCAAOAAaGACGACTCOGCnGTATCAAGCGGTCTCTCTCAASAAXGC 

aTCGGACATGAAGGCTGACGGTGCQACTGCGCTQCGGTGAXOCTCOCGaXaaOCCaAGAO 
• >5 XTTOATGGCGAGGASTTTCTCAnCTGGTGCACeGTGACCGGQCCeAGTCGttC 

FIG. 3. Nucleotide sequence of phzR. Nucleotide sequeiKC of the IJ>7S4p regioa that contains \bcphzR open reading ftame. The deduced 
amino add sequence (sin^e-letter code) of PhzR is shown below the nudeotide sequence. A putative nbosomal Stan site (RBS). possible stan 
codon. and texmination codon (STOP) are shown in shaded blocks. The sequence is numbered from the first potential stan codon. 

orientation were correct. A proteiti of ca. 29 kDa was detected 
only when the Ncol insert was in the orientan'on prediaed to 
yield a fusion peptide (Fig. 4). 

Comparison <k FkzR wflh other bacterial rctnlatoiy pro* 
teins. The predicted amino add sequence of Pt^ was com
pared with those of other regulatory proteins with the 
TFASTA program contained in the University of W^nsin 
Genetics Computer Group software package. PhzR is homol
ogous to a family of five proteins involved in cell density-
dependent transcriptional activanon: the 28-kOa LasR protein 
of Pseudomonas aemgtnosa (7), the 28-icDa LuxR protem of 
l^ibrio fischerii (S), the 28-lc£>a SdiA protein of E. coB (9.30). 
the RhiR protein of Rhtsobuun legumiitosarum bv. viciae (2). 
and the 27-tcOa TraR protein of Apobaaaium amiefadens 
(21) (Fig. S). The 28-kDa SdiA protein upstream of uvrC 
regulates the ftsQAZ operon iiwotved in cell division in E. coU 
(30). LasR and LuxR are known to be positive activators of 

elastase production in P. aeruginosa and of bioluminescence in 
y. fischaii, respective^. TraR is involved in the activation of 
conji^tion in A. ttmufadens. The proposed amino add 
sequence of PhzR shares 49,4S. 60, and 46% similari^ and 31. 
23, 3S. and 23% identity with LasR. LuxR, SdiA, and TraR. 
respective^. Among the four protein sequences, there are two 
regions that contain the highest homology. In one region, 
located near the carbo)^ terminus of each proteiti. PhzR has 
58,53,79, and 47% similarity and 47,37,51, and 26% identity 
with I^R, LuxR, SdiA, and TraR. respectivdy. In a second 
legion, located toward the N-tenninal third of each protein. 
PhzR has 56, 51, 56, and 52% similari^ and 38, 38. 39, and 
32% identity with LasR. LuxR, SdiA, and TraR. respectively. 

Pbcnaiiae geae cxptessioii reqalrcs an anloinduccr. Phena-
zine antibiotic production in P. aureofadats 30-84 and other 
pseudomonads occurs during late exponential and stationary 
growth (17. 27. 28). When strain 30^ is streaked on solid 
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FIG. 4. Expression of the pfcR open reading frame. Lanes: B. 
polyaavlamide gel indicating the presence of a ca. 29-kOa fusion 
peptide produced only when the open reading frame is fiised to 
the T7 promoter in the orientation predicted to result in gene 
expression: A, identical experiment with the phzR open reading frame 
in the opposite orientation: C molecular weight standards. 

media, the small colonies aie colorless and phenazines are 
produced (as judged by colony pigmentaDoo) only after a 
specific size is reached suggesting cell density-dependent 
regulauon (data not shown). The predicted amino add homol
ogy between PfazR and other positive nansciiptional activatois 
dependent on the buildup of an autoinducer in culture media 
suggested a meciumtsm to explain these observanons. To test 
the hypothesis that autotnduction is invoWed in phenazine 
gene regulation, culture supematants from wild-type strain 
30-^, the phzB mutant 30-M.28-11. and E. coS DICa were 
screened for the presence of a diffusible molecule capable of 
activating phenazine gene expression. The assay is based on 
the observation that the presence of a diffiisible autoinducer in 
a culture supernatant activates expression of a target gene at a 
lower cell density than B required normally for gene activation. 
Cell-free culture supematants of strains 30-84 and 30-84J8-11 
induced expression of the phzBtUacZ genotnic fusion in strain 
30-84Z at an ODmo of ca. 0.1, in comparison to the normal cell 
density of activation of ca. 0.6 (Fig. 6). The control strain. E. 
colt DHSct, had no abOily to activate strain 30-84Z. as ex
pected. 

Constmctioii of a phzK mulaat in P. aanofKuns 30-84. 
Several Tn5ZB20 inserts were Elated in phzR on cosmid 
pLSP2S9 as judged by restricaon enzyme analysis and comple
mentation studies (data not shown). All of the phzR-Srn5-B20 
inserts in pL.SP2S9 isolated were oriented in the direcrion 
prediaed the DNA sequence to result in a Lac* fiision. No 
inserts oriented in the opposite direction were obtained. When 
these ftision plasmids were introduced into strain 30-84 in trans 

and plated on medium containing the chromogenic indicator 
X-G^ all colonies were blue, suggesdng that transcription was 
initiated &om thephzR gene (data not shown). To confirm that 
the gene the insert was located in was phzR, the phzR:JacZ 
insen carried on pLSP2S9=Tn5&zc#42 was introduced into the 
genome of strain 30-84 by marker exchange. The resulting 
strain containing the putative phzRdbicZ genomic fusion was 
named 30-84R. Inactivation ofphzR resulted in loss of pbetu-
zine antibiotic production as determined by colony color. 
UV-visible spectroscopy, and thiti-layer chromatography (data 
not shown). The orientauon of the inserts and the DNA 
sequence indicated that phzR is transcribed in the opposite 
direction firom the phenazine biosynthetic genes (Fig. 3). Thus, 
phenazine expression requites at least two divergently oriented 
operons. one containing phzR and the other the phenazine 
biosynthetic genes. 

InindiKtion of phtR in trans acttvatcs phzR. Plasmids 
pLSP2.7Bgldel and pLSPXTRVdel were intr̂ uced in trans 
into strain 30-84R. Intnxiuction of the functional copy of phzR 
carried on pLSP3.7BgldeI complemented the genomic muta
tion as evidenced by lestoraDon of phenazine antibiotic pro
duction. Introduction of pI.SP2.7RVdeL in which the N-
tenninal end of phzR has been deleted, foiled to complement 
the genomic mutation as evidenced by the lack of restorauon 
of antibiotic production (data not shown). Additionally, intro
duction of a functional pfaR into strain 30-84R resulted in a ca. 
3.5-foId increase in the level of P-galactosidase expression of 
the gcnotm'c phzRzlaeZ fusion (Table 2). 

DISCUSSION 

We have identified a gene. phzR (phenazine regulator), that 
encodes a positive activator required for the expression of the 
phenazine biosynthetic locus in P. aureofaciens 30-84. Com
puter analyse of the predicted PhzR coding sequence revealed 
homology with other baaerial regulatoty proteins, including 
LasR of P. aeruginosa. LuxR of K fischaii. SdiA of E. coU. 
RhiR of R. teguminosarum bv. vidae. and TtaR of A. twnefa-
dens (Fig. S). It has been proposed that these proteins 
positively activate expression of their target genes in response 
to the acaimiilation of a Creety diffiisible autoinducer mole
cule. 

Two regions among these proteins are highly conserved. 
One region, located near the C-terminal end of the proteins, is 
thought to be involved in DNA binding in LasR and LuxR (6. 
23). On the basis of this similarity among PhzR. LasR. LuxR, 
and TraR, it is probable that the PbzR protein activates the 
phenazine biosynthetic genes in P. aureofadens 30-84 by 
binding to a DNA sequence upstream of the phenazine 
bio^theric genes or to an intermediate gene which, in turn, 
interacts direct^ with the phenazine biosynthetic genes. 

The mechanism by which PhzR activates phzB expression is 
current̂  unknown. One hypothesis is that PhzR activates phzB 
expression direct^ by binding to the phenazine promoter 
region. Although the exaa location of the phenazine biosyn-
thenc promoter s tmclear, several lines of evidence suggest 
that it may be located between phzR and phzB and may be 
present at the right end of the cloned 11.2-kb EcoRI ftagment 
(Fig. I). The phenazine biosynthetic genes contained in the 
9.2-kb ficoRI fragment in pLAFR3 are expressed only when 
cloned in a particular orientation in strain 30-84Z, indicating 
expression in pLAFR3 is being driven by an exogenous cosmid 
promoter, probably the Lac promoter (data not shown). This 
suggests that the endogenous phenazine biosynthetic promoter 
is not carried on the 9.2-kb ficoRI fragment but may te located 
within the right end of the 11.2-kb £co RI fragment. This 
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FIG. 5. Comparison of the predicted amino add seqm*nces of P. aureojiuaeig PbzR,P.aauginosa LasR, V. fise/urii LaxR. E. coli S(SAl. and A. 
tumefadaa TraR. Areas of idraiity among PhzR and at least three of tiie other activatois are indicated by solid boxes. Conservative amino add 
replacements between PhzR and at least one other activator are indicated by shaded boxes. Region 1. the autoinducer rect̂ inon region: Region 
2. the proposed C-tenninal DNA-binding domain. The anowhead at the top indicates the site where the phzR open reading frame was fused to 
the T7 promoter in pRSETB. 

orientation-depeiident expression is not due to a lack of PbzR 
or autoinducer since strain 30-S4Z is altered only in the phzB 
structural gene. In addition, the presence in trans of plasmid 
pLSP10-21A(#3t. which contains the 1.1-kb region tetween 
phzR and the 9.2-kb ficoRI fragment containing the phenazine 
biosynthetic genes, reduces P-galactosidase expression in 
strain 30-84Z by a foctor of 0.6 (Fig. IB). Additional subclones 
of this 1.1-kb region result in even larger reductions in 
P-galaaosidase expression (data not shovra). These results 
suggest Chat this region may contain the phenazine bio^thetic 
promoter and may be titrating the PhzR activator. 

It is intriguing that the presence of a 1.9-kb Pstl fragment in 
the 11.2-kb £coRr fragment also results in reduced levels of 
3-galactosidase expression compared with those of the vector 
alone (Fig. IB). In P. aeruginosa, LasR is known to regulate 
several genes involved in bacterial virulence (7). Whether this 
region in P. aureofaciais represents another genetic region 
regulated by PhzR Is currently being studied. 

In addition to the region of homology among PhzR. LasR. 
and UixR proposed to be involved in DNA binding, a second 
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TABLE 2. Activation of the gpioaue pHzltJacZ fioion bypfajf 
Strain units* Ratiai' 

30«(R 459 1.0 
30-84R(pLSPi7#Il) 1,654 3.6 
30.S4R(pLSP2.7#20) 1J37 33 

' CulRucs were gram is dqcrtbeU m Mataiiis ud Methods. 
" ̂ .GaJacxosidaae activity in MiOer units is as desorfted in the lefcnd to 1. 
** Ratio of activity is as deauibcd in tJie lejend to L 

region of homology oear the N-cermtnal end of the three 
proteins was identified. This region, called the autoinducer 
recognition region (23). has bera implicated in binding a 
low-molecular-weight autoinducer in both LasR and LuxR. In 
V. fischaii and other systems, this autoinducer has been shown 
to be a small homoserme laaone derivative (4; reviewed in 
reference 6). Binding of this autoinducer molnnile is thought 
to be requi^ in order for these activators to bind DNA and 
aaivate gene expression. In these systems, it is proposed that 
the amount of autoinducer produced by indtvido^ ceQs is small 
enough that expression of elastase pnxiuction and btolumines-
cence in P. aeruginosa and V. fischem, respectively, occurs only 
at a specific cell density when a suffident amount of autoin
ducer has accumuIateiL P. aureofadeia may employ an analo
gous cell density-dependent met±anism of gene regulation for 
the phenazine bio^thetic genes. Cell culture supematants 
&om strain 30-S4.2^ll, which contains a Tn5 insertion in the 
phenazine bitsynthedc region (20). indutx ^-gaiactosidase 
expression in strain 30-84Z at a lower cell density than usual, 
in^cating the presence of a diSiisible moleciile (Fig. 6). 
Although the structure of the P. aureofadens autoinducer is 
unknown, it is probably similar to the small homoserine 
lactone derivatives utilized by P. aeruginosa and « fischerii (6). 
Consistent with this hypothesa is the observation that an 
autoinducer extract from culture supematants of P. aeruginosa 
induces expression of strain 30-g4Z (data not shown). Thus. 
PhzR appears to be a member of the LuxB/LuxI of cell 
density-responsive transcriptional activators (6). To our knowl
edge. this is the first example of the regulation of genes in a 
fm-living, root-associated bacterium being analogous to the 
regulation of genes involved in bacterial virulence in human, 
animal, and plant pathogens. 

Cell densi^-dependent regulation of genes responsible for 
pthogen inhibition in the rfa^osphere has important practical 
onplicanons for biological control. The major limitation to the 
use of microbial strains for biological control B their inconsis
tent performance in the field (reviewed in reference 31). 
Inconsistent control of take-all by strain 30-84 in the field may 
be explained by this regulatory mechansin. Specific environ
ment^ conditions may limit phzR expression and/or autoin
ducer prtxluction or accumiilation, resulting in little or no 
phenazine gene expression. Since phenazine production iis 
required for both pathogen inhibition and rhcosphete survival, 
the lack of phenazine gene expression could affect the popu
lation of strain 30-84 and its abUty to inhibit dsease. Stutfies to 
determine the environmental &ctors that regulate the expres
sion of phzR and to identify the diSiisible autoinducer that 
interacts with PhzR to activate the phenazine bio^thetic 
genes in P. aureofadens are in progress. 
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SUMMARY 

The production of phenazine (Ph) antibiotics in Pseudomonas aureofaciens (Pau) 30-84 is positively regulated by PhzR. 
a protein belonging to the LuxR family of transcriptional activators. We have now identified phzl, a second gene 
required for Ph production. The product of phzl is a member of the Luxl family of AT-acyl-homoserine lactone (A/'-acyl-
HSL) synthases. Inactivation of phzl results in the toss of Ph production in Pau 30-84. The presence of phzl in Escherichia 
coli is suffident for the production of a difiiisible signal which activates phzB expression in Pau 30-84 and traA expression 
in a AT-acyl-HSL-dependent reporter strain of Agrobacterium cumefaciens. In addition, synthetic Ar-<3-oxohexanoyl)-
L-HSL induces phzB expression in Pau 30-84. These restilts suggest that Pau 30-84 produces a AT-acyl-HSL signal that 
regulates Ph production, and that phzl plays a central role in this signaling pathway. 

INTRODUCTION 

Pseudomonas aureofaciens (Pau) 30-84 protects wheat 
from take-all disease through the production of phen
azine (Ph) antibiotics (Pierson and Thomashow, 1992). 
In addition to pathogen inhibition, Ph are also important 
for the survival of Pau 30-84 in the rhizosphere (Mazzola 
et aL, 1992; Pierson and Thomashow, 1992). In previous 
work, we identified the Ph regulatory gene phzR 
(Pierson et aL, 1994). The product of phzR belongs to 

Comspondence to: Dr. US. Pienoo IH. Oepanment of Plant 
Pathology, University of Aiizoaa, Tucson, AZ 8S721. USA. TeL (1-520) 
621-9419; Fax (1-520) 621-9290; e-mafl- pierson^bioscianzon&edu 

Abbreviations: A, absorbance (Ion); aa. amino acid(s); Ax, 

Agrobacterium tum^adatK ATC. translation start site; pCaL 
P-galaaosidase; bp. base pair(s): do. colony-ronning units: DMSO, 
dimethyl sulfoxide: Ec, Exherichia coli; HSU bomoserine lactone; fcb. 
ldIobase(s) or 1000 bp; Km, kanamydn; LB, Luiia-Bertani (medium); 
lux. bioluminescence genes in Vf. Luxl. ̂ -acyl-HSL synthetase in Vfi 

the LuxR family of A/'-acyl-HSL-dependent transcrip
tional activators. 

CeD density-dependent A^-acyl-HSL-mediated gene 
regulation was first described for the lux genes of yibrio 
fischeri (Vf) (reviewed in Fuqua et aL, 1994; Dunlap, 
1996). The product of the luxl gene is required for synthe
sis of a difiiisible Ar-(3-oxohexanoyl)-L-HSL signaL A 
second gene, btxR, encodes a transcriptional activator. In 
response to the intracellular concentration of N'-(3-oxo-
hexanoyl)-L-HSL, LuxR binds to a DNA sequence 

LuxR. tiansciiptional activator protein in nt. nucleotide(s); ORF. 
open reading ftame; An. Ps€uioinotm<areofaeiens:Ph,pbaaziaK.pliz, 

genes involved in Ph production in Pau; pkB, Ph biosynthetic gene in 
Am; pte/. gene eocoifing a diffusible signal mFoic PhzR. iranscriptionat 
activator protein in Pau; PPM and PPM D, pigment-pioduction media: 
RBS. tibosome-btnding site(s); tesistance/resistant; a™, consensus 
promoter sequence tecoguized by sigma 70; traA. gene involved in 
transfer of the Tt plasmid of At; UV-VTS. ultraviolet-visible; Vf, Vibrio 

fischeri, [], denotes plasmid<anier state; denotes novel junction 
(fusion or insertion). 

SSDl 0378-1119(95)00754-7 
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known as a lux box and stimulates transcriptioa of the 
lux operon (Foqua et aL, 1994; Stevens et aL, 1994; 
Dunlap, 1996). 

The identificatioa of phzR in Ptat 30-84 (Pierson et aL, 
1994) suggested that Ph production may be regulated by 
a N-acyl-HSL signaL We have now identified a second 
regulatory gene, phzl. PfazI is a member of the Luxl 
family of iV-acyl-HSL synthases. In this paper, we present 
evidence that phzl is required for Ph production and that 
Phzl plays a role in the formation of a diffusible ^-acyl-
HSL-like signal molecule in Pau 30-S4. 

EXPERIMENTAL AND DlSCX:SSION 

(a) Pial is simiUr to mcniiicn of Ike Lml fiunily 
DNA sequence analysis revealed a S91-bp ORF (phzl) 

that terminates 31 bp downstream from phzR (Fig. 1). 
Analysis of the region upstream &om the putative phzl 
start codon revealed sequences with similarity to the con
sensus Ec a™ promoter (Fig. 2A). In addition, a 20-bp 
palindromic sequence overlapping the promoter region 
was identified which matches the btx box consensus 
sequence at 17 of 20 nt (Fuqua et aL, 1994). The presence 
of a lux box-like element in the operator region of the 
phzl gene suggests that its expression is controlled by an 
.V-acyl-HSL responsive transcriptional activator (Gray 
et aL, 1994). 

The phzl gene has the potential to encode a 22J-kDa 
protein whose predicted aa sequence is 31% identical and 
49% similar to the Luxl protein of Vf ATCC 7744 
(Devine et aL, 1988). Phzl is also simitar to other mem
bers of the Luxl family. This aa homology suggests that 
Phzl is involved in the synthesis of a AT-acyl-HSL signal 
molecule in Pau 30-84. 

(b) Phzl dirccts the synthesis of a difbabie sipnl in fc 
To determine whether Phzl is involved in the pro-

ducdon of a diffusible signaL various culture supematants 
were tested for their ability to activate phz expression in 
Pau 30-84Z (Fig. 3A). Pau 30-84Z contaffls a promoter-
less lacZ gene fused to phzB, a gene involved in Ph bio
synthesis. Although Pau 30-84Z carries an intact copy of 
phzl, and therefore produces its own inducer molecule, 
expression of the phzB-.-JacZ fusion is not observed in this 
medium until a cell density of i4g2o=LO-1.2 is reached, 
presumably at a point when adequate signal produced 
by tfae reporter strain itself has accumulated. Induction 
of lacZ at lower cell densities indicates that a signal was 
present in the conditioned medium prior to inoculatioD 
with Pau 30-84Z. 

Culture supematants derived from Ec DHSa contain
ing phzl activated phzB expression in Pau 30-84Z. while 
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Pau 30-84. (A) The 20L4-kb tegion of the Pau 30-84 genome containing 
the Ph biosynthetic and regulatory genes. The Ph biosynihetic genes 
(indudiag pkzB) are indicated by ilie diagonally hatched bar. Bg. BgllU 
H. Hoidin; He; Htell: P. PstI; R. f^RI: S. SUI: V. EcogV. (B) Map 
or pIC20H7Azf. Expandfd view indicating the U-kb Psd-Eeofty 
restriction fragment containing pkzl and the 3* end of phzR 
Vector seqoenoes are not shown. (C) Map of pLAFK3-.pltzI:-JCm. The 
location of the Km* cartridge within phil is indicated by the solid 
triangle. The Z9-fcb fcoRV fragment carried by pLAFR3:phzl:Xin is 
indicated by the asterisk. Vector seqnenrcs are not shown. (D) The 
tegion of the Pau 30-841 genome containing the pkzl'jJOn insertian. 
Miifcii<i Plasoid pIC20Hiptef was constructed by tnsening the 2.2-kb 
Pstl-EeolN fragment containing phzl into piasmid pIOOH (Marsh 
et aL. 1984). Ptiu 30-841 was constructed as follows. The Km* cartridge 
from pHP45aKm (Fdlay et aL, 1987) was isolated using tfltidin. blunt-
ended with SI nuclease, and ligated into the HncII site within pfc:/ on 
pIC20H7fcf. To farilitaie homologous lecombiiution. the adjacent 
Z9-kb EcoKf fragment was inserted into the unique EcoKf site result
ing in pIC20H:pfo/uKm. The apptox. 7-kb ffindm fragment of 
pIC20H7fefnKin was then insetted into the broad-bost-iange vector 
pLAFR3 (Peet et aL. 1986) resulting in pLAFIt3:pfa/:;iCm. This piasmid 
was mobilized into Pau 30-84 and the pkzIrJCm allele was introduced 
into the Pau 30-84 chromosome via homologous recombination with 
tfae wild-type phzl allele as previously descnbed (Pietson et aL. 1994). 

supematants derived from cultures of Ec DHSa contain
ing non-recombinant vectors did not (IHg. 3A). Induction 
of gene expression occurred regardless of the orientation 
of the cloned phzl gene in the plasmids, suggesting that 
expression originated from transcriptional signals within 
the cloned DNA (data not shown). These data indicate 
that the Phzl protein is both necessary and sufficient for 
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Fig. 2. The at tequencc of Ibe putative promoter tegioii of phzl. A 
putative a™ promoter ggnnifc and RBS are indicated by dark boxes. 
The most probable start codon for phzl is boxed. A palindrome match
ing the lux box eonsenstis leqaenoe is indicated by the large open box. 
Rdevaot restriction sites are underlined. The complete nt seqoence of 
phzj hs been submitted to the CenBank databa<e- mider accession no. 
L33724. MMMB UnicSrectional deletions extending throogfa the phzl 
ORF contained on pIOOR-pArf were generated using the Promega 
Erase-a-Base"* system. The nt segnenrr of selected deletions was deter-
mined using an Applied Biosystems ONA Seqnencrr and M13 forward 
and reverse ie(;nfnring primeis. 

the production of a diSiisibie signal m £c that induces 
phzB expression in Pau 30-84. 

Culture supematants derived from Pau 30-S4 UU2o= 
1.4-1.6) were included in the above assay as a positive 
control for phzB induction (Fig. 3A). These supematants 
induced phzB expression unmediately and to a higher 
level than those of Ec DH5a containing phzl. The sim
plest explanation for this discrepancy is that phzl expres
sion is lower in Ec, since Ec lacks a functional phzR gene. 
Maximal activation of phzl may requiie PhzR binding 
at the putative bix box upstream from phzl. 

Additionally, these culture supematants were tested for 
their effect on the AT-acyl-HSL reporter strain 
Agrobacterium cumrfaciens (At) A136[pCF240 traA-
lacZl 13][pCF25l] (Fuqua and Winans, 1994). Culture 
supematants derived from Pau 30-84 and Ec 
DH5aCpIC20H;pAz/3 induced the troAzJacZ fusion 
10-25-foId, respectively, over levels seen in fresh media 
or in culture supematants derived from Ec DH5a (data 
not shown). This reporter strain is known to respond to 
several AT-acyl-HSLs in addition to the cognate N-{2-
oxooctanoyl)-L-HSL produced by At (W.C. Fuqua, per
sonal communication). These restilts are consistent with 
the hypothesis that phzl directs the synthesis of a AT-acyl-
HSL molecule recognized by this reporter. Definitive evi
dence for the presence of A^acyl-HSL will requiie chemi
cal tdentificatioa of the specific signal(s) ptoduced by 
PhzL 

(c) Phzl B required for Fh biosyaliMSK 
To determine if phzl was required for Ph production, 

we constructed a derivative of Pau 30-84 (30-841) which 
lacks a functional phzl gene (Fig. 1). The disruption of 
phzl in the chromosome of Pau 30-841 was verified by 
Southern hybridization (data not shown). Inactivation of 
phzl resulted in the complete loss of Ph antibiotic pro
duction as judged by ultraviolet-visible (UV-VIS) scan
ning spectroscopy of PPM D culture supematants 
derived from 30-841 (Fig. 4). Introduction of phzl in trans 
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s 
B 3 

Cell density (0.0. «2o) 
Fig. 3. Inducn'on of phxB expression in Pau 30.84Z. (A) Induction of 
the phzRJacZ fusion by ceO-fiee culture snpematants derived from Pau 
30.84 and Ec DHSs containing phzl. CeO-bee culture supematants 
derived from Pau 30.84 (A). Ee DHSoc. or Ec 
DHS(tCpLAFIU?fa/uKm] (•). Ec OHSa[pIC20H:pfar| (•) or Ec 
DHSei[pLAF1t3:pftzO (Q) were assayed for the presence of a diffusible 
signal. Plasmids pIC20H and pLAFRB are high- and low^opy-number 
vectois, respectively. McdME Plasmid pLAFRJqitef was constructed 
by cloning a £riiidIII fragment containing phxl bom pIC20H:pfe/ into 
the plasmid pLAFR3 (Peet et aL, 1986) (see Fig. 1). Test strains were 
grown in PPM D medium (mo<fified ftom Levitcb and Stadtman, 1964) 
to late exponential phase (16-20 h. Aai,~ 1-6) and the bacterial cells 
were removed by cenoifagation and subseqoent filtration. This condi
tioned medium was then supplemented with 10% &esh PPM D and 
used to tesnspend an equal volume of cdls of the reporter strain 30.84Z 
that had been grown to a low cell density (/t̂ jo'O.I). Induction of phzB 
expression in these cultures was detenmned periodically by measuring 
PCal activity (modified from Pierson et at, 1994). (B) Induction of the 
phzS-JacZfusion by synthetic .̂<3-oxohexanoyl)-L-HSL. Synthetic S-

(3.oxohexanoyI).L-HSL was dissolved in DMSO and added to PPM 
D medium at a final concentration of approx. 50 )iM (•). The control 
culture contained DMSO only (•). MCIMB The leponer Pau 30.84Z 
was grown to a low cell density ^ai). centrifuged and resuspended 
in the test media. Cultures were assayed for PCal activity as described 
(Pierson ct aL 1994). 
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Fig. 4. Ph production bjr cnltnres of Pau 3(M4 and Pau 30-84L The 
UV-VIS spectra of total Pb extracted Grota cnltmes of Pau 3(Kg4 (O), 
Pttu 30^841 (D). or Pau 30-841 plus AT-O-ozobexanoylK-HSL (•) is 
shown. Pb show absorption spectra with ctaracteratic peaks between 
230-250 and at 365 nm (Pieison and Thomasfaow. 1992). MMfeodc 
PPM D cultuies (10 ml) ofitei 30-84. Pau 30-841, or Pau 30-841(supple
mented with 50 (iM N'-(3-oxohexanoyI>-{.-HSL) woe grown shaking at 
28°C to an I.2-I J. The cultures were centrilbged and the super-
natants were adjusted to pH 2A The sapematants were extracted with 
an equal volume of benzene. The benzene was evaporated and the 
resulting Ph were tedissolved in 0.1 M NaOH. The UV-VIS spectram 
for each extraa was measured on a scanning spectrometer between 
200-«00nm. 

into Pau 30-841 restored Pb productioa, verifying that 
the loss of Ph production was due to the inactivation of 
phzl (data not shown). 

(d) Synthetic iV-(3^xoiiexaiioyl>-L-HSL activates pkz 
expressioa 

The effect of synthetic AT-acyl-HSL on phz expression 
in Pau 30-84 was examined to determine the potential for 
AT-acyl-HSL regulation of Ph biosynthesis. Synthetic N-
(3-oxohexanoyl)-L-HSL (approx. SO|iM) consistently 
activated phzB expression in Pau 30-84Z above levels seen 
in fresh medium (Fig.3B). However, activaiion was 
modest, indicating that this is probably not the endoge
nous N-acyl-HSL produced by Pau 30-84. In addition, 
N-(3-oxohexanoyI)-L-HSL restored the ability of Pau 
30-841 to produce Ph antibiotics as judged by UV-VIS 
spectroscopy (Fig. 4). These results demonstrate that a 
known A^-acyl-HSL signal can activate phz expression 
and can bypass the requirement for a functional phzl 
gene in Pau 30-84. 

(e) Potential role of dliiiisible ngnals in the riiizosphere 
The ability of specific bacteria to colonize and protect 

plant surfaces from infection by other microorganisms 

has long been recognized. However, much remains to be 
discovered about the regulation of the mechanisms 
responsible for this behavior. This work represents the 
first example of AF-acyl-HSL-mediated gene regulation in 
a bacteritmi used for biological control (Fuqua et aL, 
1994; Dunlap, 1996). N-acyl-HSL-mediated gene regula
tion in Pau 30-84 may amplify environmental signals pre
sent in the rh^sphere and allow cell-to-cell commu-
m'cation among members of the bacterial population. In 
addition, the wide range of baaeria which produce and 
respond to Af-acyl-HSL suggests that inter-spedes signal
ing may occur among bacteria in the chizosphere 
(Sainton et aL, 1992; Chhabra et aU 1992; Jones et aL, 
1993; Swift et aL, 1993; Fuqua et aL, 1994; Kuo et aL. 
1994; Dunlap. 1996). We are currently attempting to iden
tify the structure of the specific Af-acyl-HSL(s) produced 
by PhzL Additionally, we are investigating the efiect of 
N-acyl-HSI-s produced by other soilbome bacteria on 
phs expression m Pau 30-84 in situ, as well as examining 
their role in determining the effectiveness of this strain as 
a biological control agenL 

(f) CoacfaBibiis 
(/) Phzl is a member of the Luxl family of A^-acyl-

HSL synthases. 
(2) Phzl directs the synthesis of a difiiisible signal in 

both Pau and Ec that stimulates phzB expression in Pau 
30-84 and araA expression in At A136[pCF240 traA-
teZ113]CpCF251]-

(J) Phzl is required for Ph production in Pau 30-84. 
{4) Synthetic Af-(3-oxohexanoyI>-L-HSL signal acti

vates phzB expression and restores Ph production in the 
phzl mutant Pau 30-84L 

(5) These results strongly suggest that Phzl is involved 
in the production of a /f-acyl-HSL signal that regulates 
Ph biosynthesis in Pau 30-84. 
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Abstract 

Pseudomonas aureofaciens 30-84 is a soilborae bacterium that colonizes the wheat 

rhizosphere. This strain produces three phenazine antibiotics which are responsible for 

suppression of take-all disease of wheat caused by Gaeumannomyces graminis var. tritici, 

and which contribute towards survival within the wheat rhizosphere in competition with 

other organisms. The production of phenazine antibiotics is controlled by the phzR /phzt 

AT-acyl-L-homoserine lactone (AHL) response system (29, 39). Using HPLC coupled with 

high resolution mass spectrometry, the AHL produced via Phzl has been identified as N-

hexanoyl-L-homoserine lactone (HHL). Inactivation of phzl resulted in a lOOO-foId 

decrease in expression of the phenazine biosynthetic operon in the wheat rhizosphere. Co-

inoculation of isogenic strains which produce the endogenous HHL signal restored 

phenazine gene expression in the phzl mutant to wild type levels in situ. These results 

demonstrate that HHL is required for phenazine expression in situ and is an effective inter-

population signal molecule in the wheat rhizosphere. 
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INTRODUCTION 

Bacterial populations mediate numerous physiological traits through the production 

of diffusible signal molecules (38). One class of signal molecules found commonly among 

diverse Gram negative bacteria are the iV-acyl-homoserine lactones (AHLs). This family of 

signal molecules allows bacterial populations to coordinately regulate gene expression (9), 

AHL-mediated regulation is commonly referred to as quorum sensing, autoinduction or 

cell-density dependent gene regulation. 

AHL-mediated gene regulation was first characterized in Vibrio fischeri where it 

controls bioluminescence (5, 8,25). This type of regulation occurs in a wide range of 

Gram negative bacteria where it controls phenotypes related to microbe-microbe and host-

microbe interactions (reviewed in 9 and 35). These systems are comprised of two proteins 

which belong to the Luxl and LuxR families. Luxl homologs are AHL synthetases which 

utilize 5-adenosyl methionine and specific acylated-acyl carrier proteins to synthesize 

specific AHL signal molecules (11,24, 31,34). These AHLs diffuse across the cellular 

membrane and accumulate in the local environment (13). Once a specific intracellular 

concentration is attained, AHLs interact with their cognate LuxR homolog presumably 

modifying it in some way to allow it to bind to target promoters and mediate transcription. 

Pseudomonas aureofaciens 30-84 is a fluorescent pseudomonad originally isolated 

firom wheat roots which can be used as a seed treatment to protect wheat fix)m take-all 

disease caused by Gaeumannomyces graminis var. tritici (30). The ability of this strain to 

reduce the severity of take-all is due to the production of the phenazine antibiotics 

phenazine-l-carboxylic acid, 2-hydroxy-phenazine-l-carboxylic acid, and 2-hydroxy-

phenazine (30). In addition to their role in disease suppression, phenazines enhance the 

rhizosphere survival of P. aureofaciens in competition with indigenous microorganisms 

(20, 30). The expression of the phenazine biosynthetic operon (phzFABCD) in vitro is 
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controlled by Phzl and PhzR, which are members of the LuxI/LuxR family of quorum 

sensing regulators (28, 29, 39). 

Although quorum sensing systems have been identified in several diverse bacteria, 

direct genetic evidence that AHLs function in the habitats occupied by these bacteria has 

been lacking. Chin-a-Woeng et al. used scanning electron microscopy to examine the 

spatial relationships of microcolonies formed by fluorescent pseudomonads in the tomato 

rhizosphere (4). They speculated that the high localized cell densities attained by these 

microcolonies on roots may facilitate effective AHL-mediated signaling. Direct biochemical 

evidence was provided by Boettcher and Ruby who showed that iV-(3-oxohexanoyl) 

homoserine lactone (OHHL), the cognate V. fischeri autoinducer, could be extracted 

directly firom the light organs of Euprymna species at concentrations sufficient to induce 

bioluminescence in vitro (2). 

The present work demonstrates that iV-hexanoyl-L-homoserine lactone (HHL) 

production by Phzl is required for phenazine gene expression by P. aureofaciens 30-84 in 

the wheat rhizosphere. In addition, isogenic HHL producing strains restored phenazine 

gene expression in a phzl mutant to wild type levels in situ, demonstrating that HHL 

functions as an effective inter-cellular signal molecule in the wheat rhizosphere. This 

provides the first genetic evidence that AHL-mediated quorum sensing occurs in situ. 

MATERIALS AND METHODS 

Bacterial strains and growth conditions. Bacterial strains and plasmids are listed 

in Table 1. All strains were grown at 28°C in Luria-Bertani medium (LB) containing 5 g of 

NaCl per liter (18), M9 minimal medium (18), or pigment production medium (PPMD). 

PPMD is a modified form of PPM medium in which Proteose peptone #3 (Difco) is 
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substituted at the same concentration for Bacto peptone (Difco) (modified from 16). p-

aminobenzoic acid (PABA) was used at a concentration of 1.6 ^g/ml to suppress phenazine 

production prior to phzB expression analysis (29). When required, LB agar was 

supplemented with 4% (wt/vol) 5-bromo-4-chloro-3-indoyl-6-D-galactopyranoside (X-gal; 

Sigma) dissolved in AT.Mdimethyl formamide. Antibiotics were used at the following 

concentrations where appropriate; kanamycin sulfate (50 ixg/^l), tetracycline (50 |Xg/|Xl). 

The phzB-inaZ reporter strain 30-84Ice was constmcted as follows. The 3.8-kb 

BamHI-EcoRl promoterless inaZ gene fragment from transposon pTniSpice (17) was 

cloned into pIC20H (19). This region was subcloned using the flanking M/idlll sites of 

pIC20H into the HindUL site in pUC18 resulting in pLSPlSIce. The Pstl fragment of 

pLSPlSIce containing the inaZ gene was cloned into the unique Pstl site within phzB in 

pLSP18-6H3A3, which contains the 5.6-kb phenazine biosynthetic operon phzFABCD 

(30), resulting in plasmid pLSP18-6H3A3InaZ. Digestion of pLSP18-6H3A3InaZ with 

EcoRI followed by ligation into pLAFR3 (26) resulted in pLAFR3-FA5Z which is missing 

the phzCD region. In order to facilitate marker exchange, the phzCD region was inserted 

behind the phzB-inaZ fusion. This was accomplished by ligating the 2.25-kb Pstl 

fragment from pLSP18-6 (30) containing phzCD into pIC20H resulting in pIC20H18-6 

and then using the flanking HindlO. sites to introduce it into the unique HindSH. site in 

pLAFR3phzB-inaZ. The resulting plasmid, pLSPphzB-inaZ was transformed into 

Escherichia coli DH5a and introduced into P. aureofaciens 30-84 by triparental mating as 

described previously (29). Double recombinants in which the phzB-inaZ fusion had 

replaced the wild type phzB allele were identified by the loss of phenazine production and 

tetracycline sensitivity. One double recombinant was selected, tested for ice nucleation 

activity, verified by Southern analysis (data not shown) and designated 30-84Ice. 
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Strain 30-84Ice/I was constructed by introducing pLAFR3:pAz/;.*/&n (39) into 30-

84Ice via triparental mating and selecting for kanamycin resistant, tetracycline sensitive 

recombinants in which the wild type phzJ allele had been replaced by the disrupted phzl 

allele. Loss of endogenous AHL production in the recombinants was verified using an in 

vitro plate assay that determines the abiliQr of test strains to restore phenazine production in 

the phzl mutant 30-841 (39). Briefly, P. aureofaciens 30-841 and other strains to be tested 

for AHL production are grown at 28°C overnight in PPMD medium. Fifty microliters of 

30-841 is spread evenly across the surface of PPMD agar and each test strain (5 |xl) is 

spotted onto this lawn and incubated at 28°C. Those strains which produce recognizable 

AHL restore the ability of30-841 to produce phenazine resulting in an orange halo around 

the test inoculum. A recombinant unable to produce the endogenous AHL was selected, 

verified by Southern analysis (data not shown), and designated 30-84Ice/I. 

Strain 30-84Z/I was constructed analogously to 30-84Ice/I using strain 30-84Z. 

Strain 30-84Z carries a phzB-lacZ chromosomal fusion and produces B-galactosidase in 

lieu of phenazines (29). A recombinant which was white on LB+X-gal and unable to 

produce endogenous AHL was selected. This construct was verified by Southern analysis 

(data not shown), and designated 30-84Z/I. 

Identification of the AHLs produced by P. aureofaciens. Supernatant extracts 

of P. aureofaciens 30-84 or 30-841 were prepared from cultures grown for 3-4 days at 

25°C (OD52o=1.4) in 2 L of PPMD or M9 minimal medium. Supernatant extracts of E. coli 

DH5a (pIC20H) and E. coli DH5a (pIC20H-pA2/) were prepared from cultures grown for 

18 h at 30°C in 2 L of M9 minimal medium. Cells were removed by centrifugation and 

cultures were extracted with 1 L acidified ethyl acetate (0.1 ml/L glacial acetic acid) or 

dichloromethane. After 1 h, the organic solvent was separated from the supernatant and ca. 
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5 g of Na2S04 was added to remove any aqueous residue. The organic solvent was then 

removed by rotary evaporation at 30°C and the residue dissolved in 1 ml of acetonitrile 

prior to thin layer chromatography or HPLC analysis. Thin layer chromatography was 

performed essentially as described by Shaw et al. (32) except Chromobacterium. violaceum 

CV026 rather than Agrobacterium tumefaciens was used as the AHL-indicator organism 

(21,23, 33,37). CV026 can be employed as a biosensor for exogenous AHLs via the 

induction, or inhibition of production, of the purple pigment, violacein. As standards, N-

butanoyl-L-homoserine lactone (BHL), iV-hexanoyl-L- homoserine lactone (HHL) and N-

oxanoyl-L- homoserine lactone (OHL) were synthesized as described previously (3). 

Culture supernatant extracts and synthetic AHL standards (as 10 mM solutions) were 

spotted (2 - 30 |xl) onto glass-backed RP18 reverse phase TLC plates (BDH, Poole Dorset, 

U.K.) and dried in a stream of cold air. Samples were separated using 60% (vol/vol) 

methanol in water as the solvent. Once the solvent front had migrated to within 2 cm of the 

top of the chromatogram, the plate was removed from the chromatography tank, dried in air 

and overlaid with a thin film of C. violaceum CV026 seeded in 0.3% (wt/vol) LB agar. 

After overnight incubation at 30°C, AHLs were located as purple spots against a white 

background (21, 33). 

Purification and chemical characterization of the P. aureofaciens AHL 

synthesized via Phzl. Crude supernatant extracts were prepared as described above 

and subjected to sequential fractionation using both gradient and isocratic elution methods. 

Samples were applied to a Cg reverse phase preparative HPLC column (Kromasil KRIOO-

5C8-SP (250 X 8 mm), Hichrom, Reading, U.K.) and initially eiuted with a linear gradient 

of acetonitrile in water (20-95%) over a 30 min period at a flow rate of 2 ml/min and 

monitored at 210 nm. Six fractions (F1-F6) covering each 5 min interval were collected 



162 

and assayed for activity using the C violaceum AHL reporter assay as described by Milton 

et al. (23). To locate the AHL as a single peak, active fractions were first re-

chromatographed on a preparative Cg HPLC column using an isocratic phase of acetonitrile 

in water (35:65 % vol/vol) followed by a third sub-fractionatioa employing a mobile phase 

of acetonitrile in water (25:75 % vol/vol). The final active sub-firaction was collected, 

pooled and analjrzed by HPLC-mass spectrometry (LC-MS) (Micromass Instruments, 

Manchester, U.K.) using the same isocratic mobile phase (acetonitrile in water, 25:75 % 

vol/vol). This technique couples the resolving power of C$ reverse phase HPLC directly 

with mass spectrometry such that the mass of the molecular ion (M+H) and its major 

fragments can be determined for a compound with a given retention time. Samples eluting 

from the HPLC column (mobile phase: acetonitrile in water, 25-75 % vol/vol) were ionized 

by positive ion electrospray (ES-MS) and the spectra obtained compared with those of the 

synthetic material subjected to the same LC-MS conditions. 

In vitro expression of phzB reporter strains. Various synthetic AHLs were tested 

to determine if they could induce phzB-lacZ expression in P. aureofaciens 30-84Z 

essentially as described previously (39). 30-84Z was grown in PPMD medium at 28°C to a 

low cell density at which phzB expression had not yet been initiated (OJ).g2o=0.1). These 

cultures were centrifiiged and resuspended in an equal volume of fresh PPMD medium 

supplemented (10 ^g/ml) with the following synthetic AHLs : ̂ -butanoyl-L-homoserine 

lactone (BHL), N-(hexanoyl)-L-homoserine lactone (HHL), iV-(3-oxohexanoyl)-L-

homoserine lactone (OHHL), ^-(3-oxooctanoyl)-L-homoserine lactone (OOHL), N-0-

oxohexanoyl)-L-homocysteine thiolactone (OHTL), iV-(3-oxodecanoyl)-L-homoserine 

lactone (ODHL) and ^-(3-oxododecanoyl)-L-homoserine lactone (OdDHL). Synthetic 

AHLs were synthesized as described by Chhabra et al. (3). B-galactosidase activity was 
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measured hourly as described by Miller (22) and compared to control treatments without 

AHL. A more complete range of synthetic HHL concentrations (1 nM - 4.7 jiM) was also 

tested to detemiine the activity of this specific AHL on the induction of phzB-lacZ 

expression in 30-84Z. 

Ice nucleation activity of the phzB-inaZ reporter fusion in P. aureofaciens strains 

30-84Ice and 30-84Ice/I was compared to B-galactosidase activity from the phzB-lacZ 

fusion of strain 30-84Z. Strains were grown in PPMD medium supplemented with 1.6 

|Xg/ml PABA at 28°C for 18 hrs. The cultures were centrifiiged and resuspended in fresh 

PPMD medium (1:100) and grown shaking at 28°C. After 1.5 h, 3 microliters of HHL (1 

|ig/^il in dimethyl sulfoxide [DMSO]) or DMSO were added to the 30-84Ice/I cultures (0.5 

|iM final HHL concentration). Ice nucleation activity was measured hourly as described by 

Lindgren et al. (17). Ten-fold serial dilutions from each culture were made in phosphate 

buffered saline (PBS), pH 1.2. Appropriate dilutions were plated to LB medium to 

determine viable counts. Fifty 10 microliter droplets from appropriate dilutions were 

spotted to aluminum foil trays coated with paraffin and set on a -1 l°C EtOH bath. The 

number of frozen droplets was scored after seven minutes. Ice nucleation frequency was 

calculated on a per cell basis using the equation described by Lindgren et al. (17). The 30-

84Z culture was assayed for B-galactosidase activity hourly as described by Miller (22). 

Rhizosphere assay. Wheat seeds (cultivar Fielder) or pea seeds (cultivar Little Marvel, 

Royal Seed Co.) were surface sterilized by suspending ca. 50 g of seed in 100 ml of EtOH 

and gently shaking for 1 min. EtOH was removed by aspiration and 100 ml bleach (5% 

HOCl) was added with gentle shaking for I min. Bleach was removed by aspiration and 

seeds were rinsed five times, 1 minute each, with 100 ml sterile distilled ILO and allowed 



164 

to dry for 5 hrs under a laminar flow hood. Surface sterilized seeds were pre-germinated 

on LB agar plates (with moistened sterile germination paper attached to the lids) for 3 days 

to ensure sterility before planting. The seedlings were suspended for 1 min in bacterial 

cultures grown for 24-30 hrs shaking at 28°C in PPMD media. Bacterial strains were 

grown individually and used singly or mixed in specific ratios immediately prior to seedling 

treatment The treated seedlings were sown in 24 x 100 mm glass tubes which contained 7 

cm of sterile sand and 5 ml of sterile 1/3 Hoaglands solution (macronutrients only) (12). 

The seedlings were covered with 1 cm of sterile sand and placed in Conviron™ growth 

chambers (22°C / 18°C, 25% relative humidity with a 12 h light / dark cycle). Ten 

repetitions of each treatment were prepared and all experiments were repeated at least twice. 

At the end of 10 days, plants were aseptically removed from tubes and bacteria were 

isolated via sonication of total excised root mass in 2 ml PBS, pH 7.0. These bacteria were 

serially diluted in PBS and plated on LB agar supplemented with X-gal to determine total 

bacterial numbers. The use of the chromogenic substrate X-gal allowed a distinction 

between those colonies which carried the phzB-lacZ fiision (30-84Z, 30-84Z/I) and those 

with the phzB-inaZ fusion (30-84Ice, 30-84Ice/I) which contributed to ice nucleation 

activity. Axenic conditions were verified by plating total root sonicates fix)m uninoculated 

controls to LB agar. Serial dilutions were tested for ice nucleation activity at -11°C as 

described above. 

Statistical analysis. Treatment effects were determined by analysis of variance using 

SAS (version 6.11 for UNIX, 1993, SAS Institute Inc., Gary, N.C.). Mean comparisons 

were made after analysis of variance using the Duncan-Waller K-ratio test (oM).05). 
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RESULTS 

Identification of the AT-acyl-iiomoserine lactone produced by phzl. 

Cell-free superaatants from cultures of P. aureofaciens 30-84 and 30-841 (phzl') 

grown to stationary phase in M9 medium were extracted with dichloromethane and samples 

spotted onto RP18 reverse phase TLC plates. After chromatography, TLC plates were 

overlaid with a thin film of C. violaceum CV026 seeded in LB agar as described in 

Materials and Methods. The results obtained are shown in Fig. 1. A major purple spot 

was identified in spent culture supematants from P. aureofaciens 30-84 which was absent 

from the phzJ' mutant 30-841. This spot migrated with an Rf value similar to that of 

synthetic HHL (Fig. 1, compare lanes 2,3 and 4). A second, faster migrating but weaker 

spot with an Rf value closer to that of BHL was also noted in the wild type which was 

absent from the mutant (Fig. 1, compare lanes 1,2 and 3). To identify the AHL(s) 

produced by P. aureofaciens, we subjected the solvent extracts of various culture 

superaatants to HPLC. However, significant problems were encountered with the P. 

aureofaciens wild-type strain 30-84 due to the production of the strongly ultraviolet 

absorbing phenazine antibiotics which also interfered with the C. violaceum CV026 

bioassay. To avoid these problems, a derivative of P. aureofaciens 30-84 which was 

unable to produce phenazines (30-84ICE) was used. After elution using gradient followed 

by isocratic mobile phases on a preparative Cg reverse phase HPLC column, the active 

fraction (as determined by its ability to induce violacein production in C. violaceum CV026 

[21,37]) was located to a single peak. When chromatographed in an isocratic mobile 

phase of 25% vol/vol acetonitrile in water, the active compound eluted between 17 and 

19.2 minutes, a retention time similar to the synthetic A^-hexanoyl-L- homoserine lactone 
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(HHL) standard (18.1 min). To unequivocally identify this P. aureofaciens AHL as HHL, 

the active fraction was subjected to LC-MS. The ES-MS spectrum obtained (Fig. 2) 

reveals the presence of a molecular ion (M+H] of 200 together with the characteristic 

fragmentation products at 102 and 99 which correspond to the homoserine lactone moiety 

and the C6 acyl side chain (CH3(CH2)400+) respectively. We were unable to attain 

sufficient material to identify the second putative AHL revealed in the CV026 TLC assay. 

To demonstrate that phzl directs HHL synthesis, culture supematants of E. coli 

DH5a (pIC20H) and E. coli DH5a (pIC20H-pfe/) were extracted with dichloromethane 

and subjected to TLC analysis. Fig. I (lanes 5 and 6) shows a single spot in the sample 

prepared from E. coli DH5a (pIC20H-pAz/) which is lacking in the E. coli DH5a 

containing the vector alone. The Rf value of this spot corresponds with synthetic HHL. 

Final confirmation that this product was HHL was obtained by LC-MS (data not shown). 

The second spot observed in 30-84 extracts, with an value closer to that of synthetic 

BHL, was not apparent in the sample prepared from E. coli DH5a (pIC20H-p/iz/). These 

data indicate that HHL is produced by P. aureofaciens 30-84, that phzJ is required for its 

synthesis and that P. aureofaciens produces a second putative AHL whose synthesis may 

indirectly require phzl. 

The in vitro activity of HHL was determined by examining the influence of 

synthetic HHL on phenazine gene expression in the phzB-lacZ reporter strain 30-84Z. 

HHL consistently induced phzB-lacZ expression in 30-84Z as compared to 

unsupplemented cultures at the lowest concentration tested (1 nM) with increasing activity 

in proportion to the concentration of HHL added (up to 4.7 jiM) (data not shown). 
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Phenazine gene expression was induced in response to a range of AHLs in addition 

to HHL. Supplementing PPMD medium with 10 ^g/ml synthetic A/^butanoyl-L-

homoserine lactone (BHL), ^-(hexanoyl)-L-homoserine lactone (HHL), N-(3-

oxohexanoyl)-L-homoserine lactone (OHHL) orNK3-oxooctanoyl)-L-homoserine lactone 

(OOHL) resulted in earlier and higher level induction of the phzB-lacZ fusion when 

compared to unsupplemented medium (data not shown). In addition, phzB gene 

expression was induced by iV-(3-oxohexanoyl)-L-homocysteine thiolactone (OHTL), an 

analog of the V. fischeri autoinducer OHHL in which the oxygen in the lactone ring has 

been substimted by a sulfur atom (3). EfflL and OHTL showed the highest levels of 

induction followed by OHHL, BHL, and OOHL respectively. iV-(3-oxodecanoyl)-L-

homoserine lactone (ODHL) and M-(3-oxododecanoyl)-L-homoserine lactone (OdDHL), 

had no effect on phenazine gene expression in these experiments. 

Phzl is required for optimal piienazine gene expression in the rhizospliere. 

To determine whether phzl was required for phenazine gene expression by P. 

aureofaciens 30-84 in the wheat rhizosphere, the ice nucleation reporter strains 30-84Ice 

and 30-84Ice/I were constructed. Strain 30-84Ice contains a chromosomal phzB-inaZ 

transcriptional fusion designed to express ice nucleation protein in lieu of phenazines. Ice 

nucleation protein is reported to be approximately 100,000 times more sensitive than B-

galactosidase as a reporter of gene expression and therefore is a good candidate to study 

potentially low level gene expression in the rhizosphere (17). Consistent with this, 

expression of ice nucleation activity in 30-84Ice was detected much earlier in vitro than B-

galactosidase activity in the analogous phzB-lacZ reporter 30-84Z (Fig. 3). The expression 

of the phzB-inaZ fusion was induced in a cell-density dependent manner suggesting that it 

was under the control of the PhzI/PhzR system. Strain 30-84Ice/I is an isogenic derivative 
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of 30-84Ice in which the phzl gene has been disrupted by insertion of a kanamycin 

resistance cartridge. This strain is unable to produce HHL as determined by in vitro plate 

complementation and qualitative analysis of ethyl acetate culture extracts using 30-841 as an 

indicator (data not shown). 30-84Ice/I did not produce any ice nucleation activity in liquid 

culture consistent with its inability to activate phenazine gene expression in the absence of 

HHL (Fig. 3). The addition of synthetic HHL (0.5 pM) to 30-84Ice/I cultures restored 

pfizB-inaZ expression to wild type levels. Therefore, the phzB-inaZ fusion is extremely 

sensitive, cell density responsive, responds to the cognate AHL and is not expressed in a 

phzl mutant indicating that it accurately reflects transcription fixjm the phenazine promoter. 

Strains 30-84Ice or 30-84Ice/I were used to inoculate wheat seedlings in the 

rhizosphere assay. After ten days, total bacteria were isolated fem roots and their ice 

nucleation activity was determined (Fig. 4A). The activity of the phzB-inaZ fiision in strain 

30-84Ice represents the normal level of phenazine gene expression in situ. Expression of 

this fiision in the phzl mutant 30-84Ice/I was reduced l,(XX)-fold as compared to 30-84Ice. 

These data demonstrate that phzl is essential for optimal expression of the phenazine 

operon in situ in the wheat rhizosphere. 

Rhizosphere complementation of phzl mutants by isogenic strains 

In order to determine if AHL could fimction as an effective signal molecule between 

distinct genetic populations in the rhizosphere, we designed the following in situ 

complementation assay. Strain 30-84Ice/I was used as a reporter to detect the presence of 

exogenous HHL produced by isogenic populations in the rhizosphere. Strain 30-84Ice/I 

was used to inoculate wheat seedlings alone or in a 50:50 ratio with isogenic strains either 

able (30-84Z) or unable (30-84Z/I) to produce HHL. After ten days, total bacteria were 
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isolated fixjin roots and the ice nucleation activity derived fixim each reporter strain was 

determined (Fig. 4A). Expression from the 30-84Ice/I phzB-inaZ reporter co-inoculated 

with strain 30-84Z was restored to 100% of wild type levels (Rg. 4A, columns 1,2 and 

4). In contrast, expression from the 30-84Ice/I phzB-inaZ reporter co-inoculated with 30-

84Z/I only reached 35% of wild type levels (Fig. 4A, columns 2 and 3). This 

demonstrates that HHL is an effective inter-population signal molecule that can alter gene 

expression in distinct genetic populations in the rhizosphere. 

When comparing the control treatments 30-84Ice/I co-inoculated with 30-84Z/I 

(Fig. 4A, column 3) and 30-84Ice/I alone (Fig. 4A, column 4) we noted a difference in 

phzB-inaZ expression. The reason for an increase in phzB-inaZ expression in 30-84Ice/I 

co-inoculated with 30-84Z/I is unclear since these two strains are isogenic and simply 

contain different reporter genes in phzB. Although we can not explain this phenomenon at 

this time, it is important to note that phzB-inaZ expression in this mixture is still 

significantly less than that seen in 30-84Ice or 30-84Ice/I in combination with the HHL 

donor strain 30-84Z. 

In order to examine how the relative proportion of AHL-producing bacteria could 

influence phzB-inaZ expression in 30-84Ice/I, additional rhizosphere assays were 

performed using various ratios (100:0,90:10,50:50,10:90,0:100) of the 30-84Z HHL 

donor strain to 30-84Ice/I reporter (Fig. 4B). Expression of phzB-inaZ in 30-84Ice/I 

increased relative to the percentage of HHL donor present. This data indicates that the 

relative proportion of HHL producing bacteria in the rhizosphere can have significant 

effects on phenazine gene expression in situ. Similar results were seen when this assay 

was repeated using pea as the host plant indicating that this phenomenon is not restricted to 

the rhizosphere of wheat (data not shown). 
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DISCUSSION 

Since the discovery of AHL-mediated signaling in luminescent bacteria in the early 

1970's many Gram negative bacteria have been shown to produce a variety of AHL signals 

which regulate the expression of genes essential for host-microbe interactions (9,35). 

Although these regulatory systems have been well characterized in a number of bacteria, to 

our knowledge there has been no direct genetic evidence to date showing that AHL-

mediated signaling operates in the natural habitat of these organisms. The present study 

was therefore designed to determine if AHL-mediated regulation in P. aureofaciens 30-84 

could operate between distinct genetic populations within the confines of the rhizosphere. 

The phzl gene of P. aureofaciens 30-84 was shown to be essential for the 

production of HHL based on the following lines of evidence: (i) TLC analysis of crude 

ethyl acetate extracts from P. aureofaciens 30-84 and £. coli DH5a (pIC20H-pfe/) culture 

supematants, but not those fixjm 30-841 (a phzJ mutant) or E. coli DH5a (pIC20H), show 

Rf values identical to synthetic HHL, (ii) HPLC fractions of 30-84 but not of 30-841 culture 

supematants induce AHL dependent gene expression in C. violaceum, (iii) these fractions 

co-elute with synthetic HHL and (iv) HPLC-mass spectroscopy analysis of these fractions 

gave molecular ion peaks identical to those produced by synthetic HHL. 

Synthetic HHL induced phzB-lacZ Qxpiession in P. aureofaciens 30-84Z at 

concentrations as low as 1 nM in vitro. In addition, a number of synthetic AHLs were 

found to influence phenazine gene expression in P. aureofaciens 30-84. Of these, OHHL 

(V. fischeri, Erwinia carotovora, E. stewartii. Yersinia enterocolitica, Enterobacter 

agglomerans), OOHL (A. tumefaciens) and BHL (Serratia liquefaciens) are naturally 

produced by bacteria (9). In addition, HHL is produced by Luxl of V. fischeri (14) and 
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Swrl of Serratia liquefaciens (7). The diversity of AHLs recognized by 30-84 suggests 

that inter-species communication mediated by AHL may occur. 

The ice nucieation reporter strains P. aureofaciens 30-84Ice (phzB-maZ) and 30-

84Ice/I (phzB-inaZ, phzl') were used to examine AHL-mediated conmiunication within the 

rhizosphere. These strains contain a sensitive ice nucieation reporter fusion within the 

phenazine operon which allows transcription to be monitored directly in the wheat 

rhizosphere. When these two strains were introduced into the wheat rhizosphere and tested 

for ice nucieation activity, transcription of the phzB-inaZ fusion in strain 30-84Ice/I was 

reduced 1000-fold when compared to strain 30-84Ice. This indicates that phzl is required 

for normal phenazine gene expression in the rhizosphere and that the total amount of 

phenazines produced is significantly reduced in a phzJ mutant. 

To further examine the potential of AHLs as signal molecules in the rhizosphere, 

strain 30-84Ice/I was used as a biological sensor for the presence of exogenous HHL under 

rhizosphere conditions. Strain 30-84Ice/I contains an intact copy of phzR, the cognate 

HHL recognition protein required for expression of the phenazine operon. This strain is 

therefore able to induce the phzB-inaZ fusion in response to exogenous HHL (Fig. 3). Co-

inoculation of strain 30-84Ice/I in a 50:50 ratio with the HHL-producing strain 30-84Z on 

wheat roots resulted in ice nucieation activities comparable to those seen in the wild type 

reporter 30-84Ice. However, co-inoculation with 30-84Z/I, which does not produce HHL, 

did not restore expression to these same levels. These results indicate that HHL functions 

as an effective signal molecule between distinct genetic populations in the rhizosphere. 

Similar experiments in which the HHL sensor strain 30-84Ice/I was co-inoculated 

in various ratios with the HHL donor strain 30-84Z showed that increasing the relative 

proportion of HHL producing bacteria within the rhizosphere resulted in a concomitant 

increase in expression from the phzB-inaZ reporter. These results suggest that the relative 
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proportion of rhizosphere bacteria producing AHLs recognized by P. aureofaciens may 

influence phenazine production m situ. 

The ability of one population to influence gene expression in a distinct population 

by the production of AHL signal molecules has potential to influence the efficiency of 

biological control. One of the main problems facing the practical use of biological control 

is the lack of consistent performance during field trials (36). The discovery that gene 

expression in P. aureofaciens 30-84 is affected by exogenous AHL signals in the 

rhizosphere, and that this expression is modified by a range of AHL signals in vitro, 

suggests that the local microbial environment can directly alter phenazine gene expression 

in 30-84 via AHLs. This hypothesis is supported by in vitro studies which show that a 

large number of soilbome bacteria produce AHLs (9) and that other AHL-mediated 

regulatory systems respond to signals produced by different bacterial species (I, 10). If 

other rhizosphere organisms altered phenazine gene expression in P. aureofaciens 30-84 by 

the production of AHLs, they may affect the success of 30-84 as a biological control agent. 

For example, if 30-84 is introduced into an environment that contains a high percentage of 

organisms that produce recognizable AHL it may more effectively produce the protective 

phenazine antibiotics. However, if introduced into a microbial community that does not 

produce recognizable AHL, or possibly produces antagonistic AHLs (6), the ability of 

strain 30-84 to persist and reduce the severity of disease may be compromised. This may 

in part explain observations seen by Pierson and Weller (27) in which combinations of 

various pseudomonads proved more effective at controlling take-all than any of the strains 

individually. Since several of the strains used in these mixtures had no ability to suppress 

disease on their own, it seems likely that they directiy influenced the ability of the other 

strains to produce the antagonistic compounds responsible for control. 

While it has often been proposed that bacterial populations use quorum sensing in 

situ to mediate the expression of genes involved in host-microbe and microbe-microbe 
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interactions, genetic evidence to support this hypothesis has been lacking. The 

characterization of a number of quorum sensing systems in a wide array of Gram negative 

bacteria has provided significant insights into cell-cell communication in vitro. The next 

logical step was to verify their function in nature. The data presented above provides direct 

genetic evidence that quorum sensing mediated control of phenazine bios)mthesis in P. 

aureofaciens can occur within the wheat rhizosphere. We anticipate that quorum sensing 

systems in other bacteria will function similarly in situ. Now that we know that quorum 

sensing in P. aureofaciens fimctions within the rhizosphere, the inter-relationships between 

distinct quorum sensing systems of rhizosphere bacteria can be examined. Such studies 

will provide insight into the ecological reladonships between bacterial populations in nature 

at the genetic level. 
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Fig. 1. Thin layer chromatogram of the AHLs present in cell-free supematants of P. 

aureofaciens 30-84, 30-841, E. coli DH5a (pIC20H) and E. coli DH5a (pIC20H-pfe/) 

detected using a C violaceum CV026 overlay. Cell free culture supematants from each 

organism were extracted with dichloromethane and chromatogaphed as described in 

Materials and Methods alongside synthetic AHL standards. Lane 1, BHL; lane 2, P. 

aureofaciens 30-84; lane 3 P. aureofaciens 30-841; lane 4, HHL; lane 5 E. coli DH5a 

(pIC20H); lane 6, E. coli DH5a (pIC20H-/7Az/) and lane 7, OHL. The arrowheads mark 

the positions of the purple spots indicative of AHL-mediated AHL induction. Note that all 

compounds not marked by arrows are yellow/brown colored products arising from 

contaminants within the extracts and were not due to activation of the CV026 reporter. 



182 

Fig. 2. UPLC-MS spectra comparing (A) AHL purified from spent culture superaatants 

of P. aureofaciens 30-84Ice and (B) synthetic iV-hexanoyl-L-homoserine lactone (HHL). 

Inset shows the chemical structure of HHL. 
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Fig. 3. Induction of phzB expression in liquid cultures of various reporter strains. 

Induction of the phzB-inaZ fusion in strain 30-84Ice(A), Strain 30-84Ice/I (•), 30-84Ice/I 

supplemented with 0.5 ^iM synthetic HHL (•), and the phzB-lacZ fusion in strain 30-84Z 

(#) were determined in PPMD medium as described. 
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Fig. 4. Ice nucleation activity of the phzB-inaZ reporter fiision of strains 30-84Ice or 30-

84Ice/I in the rhizosphere. A) Ice nucleation activity of the phzB-inaZ reporter in bacteria 

isolated from wheat roots inoculated with 30-84Ice alone (column I), a 50:50 ratio of 30-

84Ice/I and the phzl* strain 30-84Z (column 2), a 50:50 ratio of30-84Ice/I and the phzl' 

strain 30-84iyZ (column 3), or with 30-84Ice/I alone (column 4). B) Ice nucleation activity 

of the phzB-inaZ reporter in bacteria isolated from wheat roots inoculated with 30-84Ice 

alone (column 1), a 10:90 ratio of 30-84Ice/I and the phzt* strain 30-84Z (column 2), a 

50:50 ratio of 30-84Ice/I and 30-84Z (column 3), a 90:10 ratio of 30-84Ice/I and 30-84Z 

(column 4), or 30-84Ice/I alone (column 5). The relative inoculation ratios of bacterial 

mixtures were maintained throughout the experiment as determined by total viable counts at 

harvest. Ice nucleation frequency was determined on a per cell basis as described. 

Treatments with the same letter are not statistically different as determined by ANOVA and 

the Duncan-Waller K-ratio test (p=0.5). 
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TABLE L Bacterial strains and plasmids used in this study 

Strain or plasmid Relevant characteristics Source or 

Reference 

P. aureofaciens 

30-84 

30-84Ice 

30-841 

30-84Ice/I 

30-84Z 

30-84Z/I 

C. violaceum 

cvme 

E. coli 

DH5a 

Wild type, Phz^ 

phzB-inaZ genomic fusion, Phz', HHL^ 

phz[:kan, Phz*, HHL", Kan"^ 

phzB-inaZ genomic fusion, Phz', phzl:kan, 

HHL-, Kan' 

phzB-lacZ genomic fusion, Phz", HHL^ 

phzB-lacZ genomic fusion, Phz", phzl:kan, 

HHL-, Kan' 

Double mini-Tn5 mutant derived firam C 

violaceum ATCC31532, AHL biosensor 

F , recAl, endAl, hsdRlJ, supE44, thi-1, 

gyrA96, relAI, A(argF-lacZYA), 1169,08OlacZ, 

(30) 

This smdy 

(39) 

This smdy 

This study 

This study 

(15) 

Gibco-BRL 

AM15 

Plasmids 

pLAFR3 IncPl, Tet', cos*, rlx* (26) 
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pUC18 

pIC20H 

pTnSSpice 

pLSP18-6 

pLSP18-6H3A3 

pLAFR3:pfe/:: 

Km 

pIC20H-p/i2/ 

pLSPlSIce 

pLSP18-

6H3A3InaZ 

ColEl, Amp' (40) 

ColEl, Amp"^ (19) 

TnSmaZ (17) 

pUC18 carrying a 9.2-kb EcoRI fragment which (30) 

contains the phzFABCD phenazine operon 

pUC 18 carrying the 5.6-kb phzFABCD (30) 

phenazine operon 

pLAFR3 carrying a ca. 7.0-kb HindSJl fragment (39) 

which contains a disrupted phd:Kan allele 

pIC20H carrying a 2.2-kb Pstl-EcdRSf fragment (39) 

which contains phzl 

pUC 18 carrying 3.8-kb fiamHI-£coRI inaZ gene This study 

pLSP18-6H3A3 containing the 3.8-kb inaZ gene study 

in the Pstl site of phzB 

pLAFR3-FA5Z pLAFR3 containing the 7.2-kb phzFAB-inaZ 

region from pLSP18-6H3A3InaZ 

This study 

pIC20H18-6 pIC20H carrying the 2.25-kb Pjfl fragment from This study 

pLSP18-6 containing phzCD 

^LSPphzB- 'maZ pLAFR3-£A5Z containing the 2.25-kb Hin^Sl This smdy 

fragment from pIC20H18-6 
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