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ABSTRACT OF DISSERTATION 

LONG DISTANCE TRANSPORT OF ERWINIA CAROTOVORA 

IN THE ATMOSPHERE AND SURFACE WATER 

The epidemiology of potato blackleg and soft-rot disease caused by 

Erwlnia carotovora was studied. Studies were initiated after it was 

observed that Jg. carotovora could be recovered from surface water used 

to irrigate potatoes in Colorado. 

Survey results showed that E/"carotovora was present in ocean 

water collected at coastal sites in Alaska, Oregon, California and west 

central Mexico. Extensive surveys on the Oregon coast showed E. 

carotovora subsp. carotovora (Ecc) and E. carotovora subsp. atroseptlea 

(Eca) were routinely recovered from ocean water, rain water, and, with 

some difficulty, from atmospheric aerosols. Both Ecc and E^ were also 

recovered from precipitation (snow) collected in Colorado. Tests 

showed that serologically identical Ecc strains were recovered from 

samples collected at both the Oregon coast and Colorado locations. 

Atypical E^ strains, possibly I. carotovora subsp. betavasculorum. not 

previously reported from Colorado, were also recovered from samples 

collected at both locations. Therefore,'it is likely that E. 

carotovora cells recovered from snow in Colorado were transported by 

organized storm systems already known to originate in the Pacific Ocean 

and subsequently deposit moisture as snow in the Colorado Rocky 

Mountains. The facts that an efficient aerosolization mechanism for 

water-to-air transfer of bacteria is known and that Ecc and Eca can 
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apparently function as efficient cloud condensation nuclei probably 

account for their presence in storm systems and their ability to 

survive in atmospheric aerosols, 

Serological tests also indicated strains deposited in snow find 

their way into flowing surface water. Population studies made in the 

field and laboratory suggest cells replicate in surface water thus 

increasing their numbers while travelling downstream to irrigated 

agricultural regions in Colorado. Application of cells to healthy 

potato crops via irrigation water is an efficient means for 

recontaminating healthy potato seed stocks. Both Ecc and Eca strains 

recovered from ocean water, rain water, aerosols, and snow were shown 

to be pathogenic on potato stems aifi tubers in the laboratory and 

field. 

Gary D. Franc 
Department of Plant Pathology 
and Weed Science 

Colorado State University 
Fort Collins, CO 80523 
Spring 1988 
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HrEBODUCTlON 

The bacterium Erwinia carotovora is the causal agent of blackleg 

and soft rot diseases of potatoes in the United States and many other 

areas of the world. Classic principles of plant pathology dictate that 

in order for a plant disease to occur, three "factors" must be present 

simultaneously. These are 1) a susceptible host plant; 2) the 

pathogen; g-nd 3) a favorable environment. If any of the factors are 

missing, or less than ideal, disease^will not occur or disease symptoms 

will be modified. Therefore, the interaction of these three factors 

and their influence on disease development gives us the classical 

concept of the "disease triangle." 

One means of disease control is to eliminate the pathogen from the 

disease triangle. In the case of potato blackleg and soft rot, stem 

cutting procedures were developed to produce Erwinia-free potato seed 

for use by growers. It was hoped by certification programs that 

production and distribution of this seed would eventually "flush out" 

and replace contaminated seed, thus permanently interrupting the 

disease cycle by eliminating the pathogen. However, the rapid 

recontamination of Erwinia-free potato seeH stocks in some production 

areas demonstrated that unknown sources of inoculum, other than the 

seed potato, must exist in nature. 

Research in the United States and Scotland has identified 

contaminated insects and weed roots as potential inoculum sources. 

Localized movement of E. carotovora in aerosols is also possible. 
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However, all of these sources can usually be traced to previously 

infected plant material such as cull piles, infected plants in the 

r 

field, crop residues, and similar materials. 

The discovery that surface water, collected at isolated sites 

remote from susceptible plants, commonly had detectable populations of 

E. carotovora present was a significant ecological discovery. The 

presence of the bacterivun in surface water must be considered a 

potential factor in blackleg and soft rot epidemiology especially in 

irrigated areas. Determining the source of E. carotovora cells found 

in surface water and their potential role in the epidemiology of potato 

blackleg and soft rot was the main objective of this dissertation. 

Development of the Working Hypothesis 

Research on the potential long distance transport of E. carotovora 

in the atmosphere and surface water was initiated in Colorado after the 

discovery that viable £. carotovora could be recovered from surface 

water samples. In both the United States and Scotland, Erwinia-

positive water samples were routinely collected at locations far 

removed from known sources of the bacterium. In Colorado, Erwinia-

contaminated samples were even collected from pristine areas in remote 

sections of the Rocky Mountains. 

Since the Pacific Ocean is the primary source of moisture for 

precipitation in Colorado during the winter months, and had been shown 

to be infested with E. carotovora. it seemed likely, that the organism 

could be passively transported to Colorado within specific storm 

systems and deposited with precipitation. This would account for its 

presence in surface water collected at remote locations in the 

mountains. It also seemed likely that flowing surface water. 
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eventually iise'd for irrigation, could be an effective means of 

delivering cells to susceptible host plants. Also, since Erwinia cells 

may replicate in streams in specific, currently undefined, ecological 

niches, the number of cells present by the time they reach a 

susceptible crop may be significant in terms of disease development. 

The working hypothesis that E. carotovora aerosols generated from 

the sea or other large bodies of water move inland with cloud systems, 

are deposited with precipitation and find their way into surface water 

and, subsequently, to susceptible hosts via irrigation water formed the 

basis for this study. 

Development of the working hypothesis required definition of a 
"O.* 

novel, two-phase transport process involved in the epidemiology of 

diseases caused by E. carotovora. It was believed that definition of 

such a transport process would not only have immediate practical 

applications but important theoretical implications as well when used 

as a model system to study the epidemiology of diseases caused by other 

phytopathogenic bacteria and the movement of genetically engineered 

bacteria. 

It was also believed that information generated by this project 

could be used to define "high risk" cultural practices as well as "high 

risk" areas for potato production. Such information would be the 

direct result of studies to determine Erwinia inoculum levels in 

precipitation and irrigation water the crop receives and their 

relationships to the level of tuber contamination in the harvested 

crop. This infonnation could be used to alter cultural practices, such 
» 

as using alternate sources of irrigation water to avoid high levels of 

contamination, avoiding excessive irrigation and reuse of irrigation 
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water, depending on the intended use of potato crop. It could also be 

used to identify seed production areas where risks of contamination are 
r 

lower than other potential production areas because of minimal 

precipitation and naturally low E. carotovora populations in water. 

Determining establishment of the initial association between E. 

carotovora and seed tubers merits considerable attention because 1) the 

pathogen is readily tuber borne; 2) latent populations can persist in 

seed tubers for long periods of time following contamination; and 3) 

symptom expression will not occur until environmental conditions favor 

disease development. 

The temporal separation of tube^ contamination by Erwinia and 

disease (i.e., symptom) expression has, on several occasions, resulted 

in interstate litigation in the United States and has also been a 

source of conflict between some nations. Fully understanding the 

epidemiology of Erwinia would not only decrease losses but would also 

help dispel some of this controversy. 



IITERATORE REVIEW 

Bacterial soft rots cause significant losses in a wide variety of 

plant species. Losses have been estimated to range as high as $50 -

100 million annually (64). 

Potatoes are particulary susceptible to soft rots caused by 

Erwinia carotovora. Although "potato blackleg" is the most common 

general term for this disease complex and will be used throughout this 

dissertation, it is misleading becaule other manifestations of 

infection besides blackened basal stems commonly occur (2). Under 

environmental conditions favorable for pathogen and disease 

development, stand losses in the field due to seedpiece decay, soft rot 

of stems in the field and tuber decay in storage can be particularly 

dramatic. As a result, much research emphasis has focused on Erwinia 

and the subsequent development of potato blackleg disease in infected 

crops. Sensitive and reliable assay methods, including semi-selective 

media (10, 74) and enrichment techniques (7, 57), have been developed 

and were used in carrying out the research described in this study. 

Research has shown that E. carotovora is only a transient part of 

the soil microflora in temperate regions (1.1, 22, 44) and that the seed 

tuber carries the primary inocultim for contamination of the new crop 

(13, 60, 67). As a result, stem cutting procedures aimed at 

eliminating this source of inoculum were initiated in the late 1960's 
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(21, 42, 43). It was hoped that by producing Erwinia-free seed, 

certification programs could eventually "flush out" and replace the 

contaminated seed, thus interrupting the disease cycle. 

Seed certification programs utilizing Erwinia-free seed have been 

successful in terms of reducing the incidence of disease and increasing 

yields (42, 43). However-, the rapid recontamination of Erwinia-free 

potato stocks in some areas (62, 66, 71) has demonstrated that 

additional sources of inoculum must exist. Subsequent studies have 

shown that E. carotovora subsp. carotovora (Ecc) is the predominant 

recontaminant and E. carotovora subsp. atroseptica (Eca) is seldom 

found (24), especially during the fi?^t few years of seed increase. 

A variety, of insects are known to function as vectors of E. 

carotovora (34, 35, 41). Relationships between insects and Erwinia are 

generally non-obligate and contamination is believed to occur when 

vectors contact various inocultim sources such as cull piles and 

diseased plants (37, 40). Kloepper (40) and Kloepper, Harrison, and 

Brewer (41) demonstrated that insects contaminated with Ecc and Eca can 

commonly be found in areas where diseases caused by Erwinia are known 

to occur. They found that ten genera in nine families of Diptera were 

contaminated. Brewer, Harrison, and Winston (6) showed that prolonged 

survival (48-72 hours) of Erwinia could occur in association with the 

contaminated vectors. Since many of the Diptera are powerful fliers 

the potential for inoculum dispersal, at least on a local scale, exists 

(6, 34). Brewer, Harrison, and Winston (6) suggested that it might be 

possible for Erwinia to be transmitted up to 21 km from the inoculum 

source due to vector movement without the aid of wind. Much greater 
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distances might be possible when prevailing winds favor movement of 

vectors. 

r 

The role of soil as a source of E. carotovora inoculum has been a 

controversial issue for many years. Recent studies (7, 30, 57) using 

relatively sensitive enrichment techniques have shown that the organism 

can be detected in soiLjsfor varying periods of time (up to one year) 

following the production of a susceptible crop. The bacterium can only 

rarely be found when non-susceptible crops, such as cereals, are grown 

for one season following potatoes or other susceptible crops (7, 30, 

57). In fallow fields, the time during which populations of E. 

carotovora can be detected is very short (7). In some cases when 

Erwinia has been found in soil in which potatoes or other vegetables 

have not been grown for many years (68), it appears that Erwinia-

contaminated irrigation water may have been responsible for its 

continued presence in the soil. Harrison (33) recently reviewed the 

literature related to soil survival and concluded that Erwinia more 

closely resembled a "soil invader" than a "soil inhabitant." 

Nevertheless, if E. carotovora is present in soil, regardless of the 

initial source of cells, it will invade potato stems and tubers (52). 

The discovery that surface water in the United States and Britain 

was commonly contaminated with Erwinia (mostly Ecc) throughout the year 

(17, 18, 19, 30, 36, 39, 55, 56) was an important ecological discovery. 

The presence of inoculum in surface water must be considered a factor 

in soft rot epidemiology, especially in irrigated areas. The origin 

and persistence of water-borne Erwinia cells and its relationship to 

plant infection are important questions which have not been addressed. 

The potential for long distance dispersal of E. carotovora in aerosols 
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and other means and its subsequent deposition on soil, plants and in 

water is of critical importance to understanding the ecology of soft 

r 

rot erwinias and the diseases they cause. 

Potential for Long Distance Dispersal of Phytopatliogenic Bacteria 

Phytopathogenic bacteria are simple prokaryotic microorganisms 

that lack elaborate intmnsic mechanisms for dispersal and survival (1, 

77). Therefore, they are dependent upon some passive means of 

dispersal from inoculum sources to suitable hosts. The primary means 

of dispersal are splashing rain, contaminated irrigation water, seeds 

or vegetatively propagated planting stock, contact between infected and 

healthy host material, movement by vectors and cultural implements, the 

formation of bacterial aerosols, and possibly other means (1, 77). In 

order to be successful, all dLspersal mechanisms must eventually place 

the viable pathogen in direct contact with the host and allow for its 

movement to the infection court. 

The dispersal mechanisms can be complex and not all are equally 

important for a given pathogen-host relationship. Furthermore, the 

environmental conditions which favor the disease and under which the 

host is grown also play profound roles in determining the relative 

importance of dispersal mechanisms. After reviewing the Commonwealth 

Mycological Institute (CMI) Descriptions of Phytopathogenic Bacteria, 

Venette (77) determined that of fifty-nine plant pathogenic bacteria 

described, five have a single mode of transmission and thirteen may be 

spread in five or more ways. 

Perhaps the greatest potential role of the atmosphere in the 

movement of phytopathogenic bacteria on a regional scale is in the 

dispersal of bacterial aerosols and contaminated insect vectors. 
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Aerosols are particles suspended in the atmosphere and bacterial 

aerosols consist primarily of single cells. The potential role of 

r 

bacterial aerosols in the epidemiology of plant disease has only 

recently been recognized (23, 63, 65, 70, 76, 78, 79). The basic 

difficulty in determining the potential role of aerosols and their 

effect on plant diseas&j^s at least three-fold. Conceptually, it was 

difficult to understand how sufficient ntmibers of aerosols could be 

generated in the field to allow for the great dilution factors that 

must occur in the air, and how the pathogens remained viable in 

bacterial aerosols for periods of time sufficient for dispersal to host 

plants to occur. Additionally, a suitable means for collection and 

detection of phytopathogenic bacteria in aerosol samples was necessary 

before successful studies could be made. 

Three species of phytopathogenic bacteria, Erwinia carotovora [E. 

carotovora subsp. carotovora (Jones) Bergey et al. (Ecc) and E. 

carotovora subsp. atroseptica (van Hall) Dye (Eca)1 (63, 70), 

Pseudomonas svrineae [pv. glvcinea (Coerper) Young et al. (78, 79), and 

pv. phaseolicola (Burkholder) Young et al. (Venette personal 

communication, September, 1985)] and Xanthomonas campestris pv. 

phaseoli (Erw. Smith) Dye (Venette personal communication, September, 

1985) have been shown to be dispersed in aerosols in the field or under 

simulated field conditions in the laboratory. Dispersal of bacterial 

plant pathogens in aerosols has been reviewed by Harrison (32). 

The obseirvation that some phytopathogenic bacteria are present in 

aerosols was an important discovery that opened a new field of study in 

the epidemiology of plant diseases. A number of studies have been made 

on the means of aerosol generation in the field, survival of 
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aerosolized bacteria, the potential for movement and deposition of 

bacterial aerosols, and the subsequent development of new infection 

r 

centers (23, 26, 63, 76, 79). Bacteria in aerosols generally consist 

of one to several cells (25, 70, 79, 80). Because of their small size, 

they can be passively dispersed with air currents and, according to 

various mathematical models, can be carried over great distances before 

deposition (8, 27, 28, 29, 50, 59). 

Proposed Mechanisms for Aerosol Generation 

Rain and sprinkler irrigation. Water drops, originating from rain 

and overhead irrigation impacting infected host plant material, can be 

an effective means of generating aerosolized phytopathogenic bacteria. 

Venette and Kennedy (78, 79) reported that an average of 1.51 x 10'^ 

and 9.4 x 10 colony forming units (cfu) of P. svringae per liter of 

air could be collected downwind from, infected crops during rainfall and 

sprinkler irrigation, respectively. In addition, impaction of 

premoistened, infected leaves by a single drop of water (0.02 - 0.15 

ml) was sufficient for aerosol generation (80). 

The presence of E. carotovora in aerosols has been demonstrated to 

occur in the field during rainfall or overhead irrigation under two 

very different environmental conditions. Aerosols of E. carotovora 

were routinely detected in Scotland during and immediately after 

rainfall, and total bacterial populations in the air quickly declined 

when rainfall ceased (23, 70). In Colorado, aerosols of E. carotovora 

(both Ecc and Eca) were detected downwind from potato crops during the 

operation of overhead sprinklers (16, 32). Viable cells of E. 

carotovora. however, were detected only during the night and morning 

hours prestimably because the higher relative humidity and cooler 
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temperatures which prevailed at those times were more conducive to 

survival. 

Controlled studies have been made using simulated raindrops (3 mm 

or 5 mm dia) accelerated to near terminal velocity to impact potato 

stems infected by E. carotovora (25). An average of 1.6 x 10^ colony 

forming units per gram odE- tissue was generated. Extrapolation of 

laboratory data to the field showed that 8.1 x 10® cfu/ha and 2.6 x 10® 

cfu/ha could theoretically be generated from a potato crop with 2% of 

the stems infected by £. carotovora by 5 mm and 3 mm dia water drops, 

respectively (25). 

Mechanical destruction of host plant material. Perombelon and 

Lowe (65) showed that airborne cells of both Ecc and Eca could be 

detected while potato vines were being mechanically pulverized prior to 

harvest. Perombelon, Fox, and Lowe (63) showed that an average of 4.0 

O 
X 10° cfu could be generated when 1 ha of plants without visible 

blackleg symptoms was pulverized. These numbers are similar in 

magnitude to those determined by Graham, Quinn, and Bradley (25). The 

number of colony forming units produced per ha is expected to be 

directly proportional to the percentage of infected stems in the field 

with an additional ca 10® cfu/ha generated for each 1% increase in the 

blackleg infection. 

Wind. The discovery that common epiphytic bacteria, Pseudomonas 

svringae van Hall (53) and Erwinia herbicola (Lohnis) Dye (49) can 

increase the sensitivity of plants to frost injury by acting as warm 

temperature ice nuclei led to considerable speculation on their 

potential role in atmospheric precipitation processes. As a result, 

studies have been done to determine if these ice nucleation active 
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(INA) bacteria can become aerosolized from crop plants where they are 

established as epiphytes. Presumably, this would be the first step 

f 

required if INA bacteria were to play a role in the atmospheric 

precipitation processes. 

Lindemann and others (47) reported that the upward flux of total 

viable bacteria over alfalfa was three- to four-fold greater than over 

dry soil and concluded that plant canopies may constitute a major 

source of bacteria, including INA bacteria, in the air. Rain was 

apparently not necessary for the generation of bacterial aerosols since 

measurements were made when leaves were dry and there was no rain in 

the vicinity. Lindemann and Upper (48) also detected airborne bacteria 

over bean canopies when leaves were dry and found that upward flux of 

total bacteria was correlated with wind speed. The upward flux of INA 

bacteria was related to epiphytic INA populations, demonstrating that 

aerosolization occurred,from the dry leaves in the absence of rain. It 

was not possible, however, to correlate the upward flux of INA bacteria 

with wind speed or total bacterial flux during those assays (48). 

Bursting bubbles. Bursting bubbles can be an effective means of 

concentrating microorganisms previously suspended in water into jet 

droplets and aerosols. Bubbles rising a distance of less than 2 cm 

through a water suspension containing the bacterium Serratia marcescens 

produced enrichment factors (the ratio of bacterial concentration in 

jet droplets to that in the original suspension) in the jet droplets of 

between ten and twenty and some estimates as great as 1000 were 

reported (4, 5). Baylor and Baylor (3) showed in laboratory 

experiments that Escherichia coli and the coliphages, T2 and T4, were 

concentrated 30 and 50 fold in aerosol drops when compared to the bulk 
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suspension in which the bubbles were generated. They also reported 

enrichment factors of 100 to 250 when viruses were seeded into the 
r 

ocean surf (3). 

Survival and Dispersal of Phytopathogenic Bacteria In Atmospheric 

Aerosols 

The epidemiological'i.significance of aerosols in relation to plant 

disease development is clearly dependent upon the number of aerosols 

generated, the survival of the aerosolized bacteria in a given 

environment and their subsequent deposition.onto susceptible hosts. 

Some experiments have been made to estimate the viability of 

aerosolized bacterial cells exposed to different environmental 

conditions (26, 76), Most studies have been done in the laboratory 

where differing environments were maintained in closed chambers. 

Venette (76) studied survival of bacterial aerosols contained in 

stirred settling chambers and foimd that viable P. svringae pv. 

phaseolicola cells were present after 180 minutes at 90% relative 

humidity (RH). Survival time was noticeably reduced as relative 

humidity decreased. Viable cells were not detected after 35 minutes at 

60% RH and after 80 minutes at 30% RH, Similar results were obtained 

for X. campestris pv. phaseoli. However, cells of this bacterium were 

less noticeably affected by decreased relative humidity and viable 

cells were still detected after 180 minutes at 40% RH. Venette (76) 

concluded that airborne cells of both organisms could survive for at 

least 180 minutes when exposed to favorable environmental conditions. 

Perhaps the most comprehensive studies on the survival of 

aerosolized phytopathogenic bacteria were done with E. carotovora. 

Graham and others (26) loaded aerosols of Ecc and Eca onto spider 
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gossamer (microthreads) using the "captive aerosol" technique described 

by May and Druett (54). For some strains of Ecc and Eca. viable cells 

were recovered after 120 minutes exposure at 20°C and 65% relative 

humidity in the laboratory. Aerosolized Ecc and Eca survived for a 

maximum of 30 minutes in open air under conditions of 18-26''C and 43-

70% relative hxunidity. -'However, exposure to 12-12.5*0 and 86-90° 

relative humidity (with rain falling) resulted in detection of viable 

cells after 120 minutes. Ten percent of the original population was 

viable after sixty minutes, and approximately 1% after two hours. 

The atmospheric dispersion and deposition models of Gregory (27, 

28, 29), Pasquill (58, 59), and Chamberlain (8) have all been used to 

calculate the theoretical number of cfu/m^ deposited downwind from a 

source of bacterial aerosols. 

Perombelon, Fox, and Lowe (63) and Perombelon (61) studied the 

natural generation and deposition of E. carotovora aerosols in the 

field. Their results agreed reasonably well with the deposition models 

proposed by Chamberlain and Pasquill but deposition was considerably 

less than the theoretical ntmibers predicted by Gregory's model. 

Perombelon found that under stable atmospheric conditions 2.7 x 10 ^ 

and 5.6 X 10^ £. carotovora cfu/m^ were deposited 50 m and 100 m, 

respectively, downwind from a point source of 5.49 x 10® cells. He 

$peculated that significant depositions at distances greater than 100 m 

were not likely to occur unless environmental conditions were 

relatively stable (61). Aerosols of E. carotovora were detected 

approximately 800 m downwind from potato crops in Scotland (70) and up 

to 180 m in Colorado (32). It should be noted, however, that 

calculations based on Gregory's model predicted that 1 x 10^ cfu/m^ 
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could theoretically be deposited as far as 10 km downwind from an area 

aerosol source 100 m wide (25). These calculations assumed a steady 

T 

wind speed with 100% survival of the aerosolized bacteria. 

Potential for Regional Dispersal of Phytopathogenic Bacteria 

Dispersion models are useful to determine the theoretical numbers 

of bacteria deposited att.various distances from an aerosol source. 

Broad assumptions, however, must be made regarding viability and 

pathogenicity of aerosolized bacterial cells as well as for prevailing 

atmospheric conditions (stable or unstable). Therefore, these models 

may not accurately reflect what actually happens in "the field." The 

literature is noticeably devoid of reports of actual studies on the 

dispersion of bacterial aerosols in nature over relatively long 

distances. 

There is a paucity of information on the passive natural airborne 

transport of bacteria for several reasons. The existing airborne 

bacterial flora provides a constant background, within which the 

phytopathogenic microorganisms in question may be a small subset, thus 

making detection of small numbers of pathogenic organisms difficult. 

This problem is compounded because most phytopathogenic bacteria are 

difficult to identify conclusively on a growth medium without 

additional bioassays to determine pathogenicity (72). This fact 

greatly limits the nxunber of colonies that can be screened, thus 

increasing the difficulty of detection. Even with accurate means for 

detecting a particular pathogen, it may not be possible to identify 

conclusively the original aerosol source. 

E. carotovora has proved to be particularly useful as a model 

system to study the long range dispersal of a plant pathogen. 



16 

Naturally generated aerosols of E. carotovora are known to occur in the 

field and information is available on the survival of the organism in 

r 

aerosols (26, 32). Furthermore, suitable methods are available to 

detect relatively low cell numbers in naturally occurring aerosols 

under differing environmental conditions (16, 32, 63, 70). Since E. 

carotovora produces pectolytic enzymes, single colonies of the organism 

can be readily selected from the natural background microflora by using 

a growth medium containing pectin (10, 72, 74). 

Studies on the potential for long distance transport of E. 

carotovora in aerosols were initiated in Colorado when viable Ecc and, 

rarely, Eca cells were recovered from surface water samples collected 

from many sources. In both the United States and Scotland, E. 

carotovora was routinely isolated from water samples collected from 

areas lacking known sources of E. carotovora (36, 55, 56). The 

bacterium was also recovered from ocean water samples collected from 

the Pacific Ocean and the Gulf of Mexico <18). Since moisture for 

precipitation in Colorado during the winter months commonly originates 

in storm systems generated over the Pacific Ocean (L.O. Grant, personal 

communication, November, 1982), it seemed likely that E. carotovora 

could be passively transported to Colorado within such storm systems, 

deposited with precipitation, and thus appear in surface water in 

remote mountainous areas. 



MATERIALS AND METHODS 

General Procedures 

Both qualitative and quantitative assays were used throughout the 

study for detection and enumeration of £. carotovora in water samples. 

The wide range of numbers of colony forming units (cfu) (i.e., living 

cells) naturally present in water samples necessitated different 

approaches for detection (qualitative analysis) and measurement of 

populations (quantitative analysis). Aseptic techniques and standard 

microbiological practices were used in all procedures. All materials 

and equipment used were either sterilized by autoclaving at 120°C for 

20 min or by surface disinfestation with chemical disinfectants 

(bactericides). 

Qualitative Assays 

For water samples in which low numbers of Erwinia cells were 

expected, large volumes (up to ca 10 1) were passed through one of two 

standard filtration systems, celite columns or membrane filters, to 

concentrate cells. General Electric^ (General Electric, Inc., Ft. 

Wajme, IN 46801, USA) vacuum pumps and Schlicter and Schuell^ 

(Schlicter and Schuell, Inc., Keene, NH 03431, USA) glass filter-funnel 

apparatus disinfested with 95% ethanol were used for both types of 

filtration. 
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The celite method was a modification of the filtration method of 

Hammarstrom and Ljutov (31) and was used previously for other work with 

E. carotovora (56). Sterile Celite Hyflo Supercell^ (Johns-Manville 

Co., Lompoc, CA 93436, USA) filter aid (diatomaceous earth) was mixed 

at the rate of ca 0.5% (w/w) with each water sample. The suspension 

was filtered through sterile Whatman grade C glass fibre filter disks 

(Fisher Scientific Co., Denver, CO 80155, USA) previously primed with 

ca 3 g of sterile celite filter aid suspended in 20 to 30 ml of sterile 

distilled water. A maximvim vacuxim of 650 mm Hg was used to draw the 

water sample through the celite column. The column resulting from the 

filtration procedure and the filter disk were removed from the filter 

apparatus with a sterile spatula, suspended in a known volume of 

sterile distilled water, tj^ically 100 ml, and mixed with an equal 

voltime of double strength PT enrichment medixom (MPEM) modified by 

substituting sodium polypectate for polygalacturonic acid (7). For 

membrane filtration, samples were filtered through Gelman^ #GN-6 

(Gelman Scientific, Inc., Ann Arbor, MI 48106, USA) filter disks with a 

pore size of 0.45 ym using vacuum to draw the samples through the 

filter as described for the celite filtration procedure. After 

filtration, disks were suspended in 50-100 ml of sterile single 

strength MPEM. Enriched suspensions resulting from both types of 

filtration were then incubated anaerobically. 

Anaerobic enrichment was used to detect small numbers 

(theoretically > 1 cfu) of cells present in the suspension being 

enriched. Because E. carotovora is a facultative anaerobe (72) and 

can, therefore, grow in the presence or absence of oxygen, anaerobic 

enrichment is selective for the organism. Most obligate aerobes 
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present in the sample and, therefore in the enriched suspension, cannot 

replicate in anaerobic conditions. Anaerobiosis (carbon dioxide 

atmosphere) was achieved by using BBL Gas Pak^ anaerobic chambers and 

CO2 generators (Division of Becton, Dickinson and Co., Cockeysville, MD 

21030, USA). Anaerobic enrichments were incubated for 96 hr at 26°C. 

Direct enrichment qf ca 50 ml subsamples from each water sample, 

without prior filter concentration, was also done. The water subsample 

to be tested was poured into an autoclaved glass bottle and an equal 

volxime of sterile double-strength MPEM was added. These enrichments 

were inctibated anaerobically as described above. 

After anaerobic incubation, a sterile inoculating loop (ca 2 mm 

diameter) full of the enriched suspension was streaked onto a semi-

selective differential medium. Stewart's MacConkey-Pectate (SMP) 

medium (74) or crystal violet pectate (CVP) medium (10) was used. 

After streaking, cultures were incubated at 26°C for 48 hr. Several 

presumptive £, carotovora colonies were then randomly selected from 

each culture and purified by subculturing single colonies on nutrient 

agar (NA) in separate plates. Single colonies, each constituting a 

strain or isolate, were transferred to NA slants and stored at 4°C to 

await further characterization using standard biochemical tests (Table 

1) and, for some strains, serological testing. Biochemical tests 

described by Graham (20) and serological tests described by De Boer et 

al. (12) were used to characterize the strains. Most serological tests 

were done in the laboratory of Dr. M.L. Powelson, Oregon State 

University, Corvallis, OR. If E. carotovora was not detected on SMP or 

CVP after the initial anaerobic incubation, the enriched samples were 

restreaked onto SMP or CVP after an additional 48 hr aerobic incubation 
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Table 1. Bio-chemical tests used to differentiate Erwinia carotovora 
subsp. carotovora (Ecc) from Erwinia carotovora subsp. atroseptica 
(Eca) 

Reaction 

Test Ecc^ Eca2 

Soft rot of potato slice + + 

Oxidase enzyme present 

Indole production from tryptophan 

Hugh and Leifson oxidation/fermentation 0/F 0/F 
of glucose 

Reducing substances produced from sucrose - + 

Acid production from:^ 
- 6» 

alpha-methyl glucoside - + 

Lactose + + 

Maltose - + 

Trehalose + + 

^ Control Ecc (strain C19) from blackleg infected potato stem collected 
in Weld County, Colorado, 1974, 

O 
Control Eca (strain JIO) from blackleg infected potato stem collected 

in the San Luis Valley, Colorado, 1974. 

Strains recovered during the earlier part of the study were tested 
against all four carbohydrates in liquid culture. The majority of 
strains collected during the study were tested against alpha-methyl 
glucoside only on solid medium containing tetrazolixim chloride. 
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at room temprature. The presence or absence of characteristic Erwinia 

colonies on SMP or CVP after the two platings was considered sufficient 

r 
to determine if the initial sample was infested with E. carotovora. 

Except in rare instances, at least one strain was isolated from each 

positive sample and characterized biochemically. 

Quantitative Assays 

To estimate populations of E. carotovora in water samples, 0.2 ml 

aliquots of the original sample or the filter-concentrated suspension 

from celite or membrane filtrations were spread-plated on SMP or CVP 

prior to anaerobic enrichment. Serial dilutions of each sample were 

often spread-plated as well. Characteristic Erwinia colonies were 

counted after 48 hr aerobic incubation at 26°C to determine the number 

of cfu present. The plate counts and the volumes plated were used to 

calculate the estimated number of cfu present in the original sample. 

Coastal Surveys 

Surveys were made on the western coast of the United States during 

June 1983, December 1983, March 1984, and January 1985. The objective 

of the stxrveys was to determine if E. carotovora could be isolated from 

ocean water, rain and aerosols. Strains isolated were characterized 

using standard biochemical and serological tests as described above in 

General Procedures and compared with strains recovered from the inland 

surveys described below. The study was done to test the null 

hypothesis that Pacific Ocean water is not a source of E. carotovora 

cells recovered from precipitation deposited on the coast and at inland 

sites. 

July 1983. A limited survey near Newport OR was conducted. Four 

ocean water samples of approximately 20 1 each were collected in 
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autoclaved metal containers. Samples were collected by wading as far 

as possible into the surf and filling a container. Samples were 

p 

processed by membrane filtration followed by anaerobic enrichment and 

also by direct enrichment as described above. Aerosol samples were 

collected using a Casella high voltime slit sampler (C.F. Casella and 

Co., Ltd., London NITNDl,,.England) which collected 700 1 air min"^ and 

CVP plates. Samples were usually collected from the roadside near the 

beach within several hundred meters of the water. 

December 1983. A more extensive survey was made in December than 

in July 1983. Ocean water and aerosol samples were collected from 

sites along ca 285 km of Oregon coastline, from Astoria to Yachats, and 

processed at a temporary laboratory in Newport OR. Ocean water samples 

were collected as described for the July 1983 survey except disinfested 

plastic containers were used to collect samples, smaller volumes were 

processed (average — 3.5 1), and celite filtration was used instead of 

membrane filtration to concentrate cells prior to anaerobic enrichment. 

Aerosol samples were collected as described for July 1983 except SMP 

plates was used instead of CVP. 

Rain samples were collected at Newport OR and at Beverly Beach 

Park (ca 8 km north of Newport). Identical rain collectors were placed 

at each location. Rain samples were collected using two 1.2 m by 1.2 m 

sheets of lexan plastic hinged together along one edge. The lexan 

sheets were partially folded along the hinged edge to form a roof-like 

structure and supported and anchored ca 1 m above the ground. The 

entire collector surface was thoroughly disinfested with ethanol after 

being erected. After surface disinfestation, sterile water was poured 

over the surface of the collector and collected and processed as a 
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negative check. Water collected on each side of the sheet during a 

rain storm drained into a plastic trough which, in turn, emptied into a 

r 

disinfested plastic bucket attached to the collector at the end of the 

trough. Buckets were emptied periodically. Each bucket represented a 

sample and each time the buckets were emptied was considered a 

collection. Rain water-jsamples were processed by celite filtration 

followed by anaerobic enrichment and by direct anaerobic enrichment as 

described for ocean water samples. 

March 1984. Ocean water, rain and aerosol samples were collected 

in Oregon as described for the December 1983 survey. Ocean water and 

aerosol samples were also collected near Long Beach CA. All samples 

were processed as described for the December 1983 samples. 

Januarv 1985. The main purpose of this survey was to collect and 

determine the size distribution of aerosols. Two Anderson 0101 

multijet, multistage samplers (Anderson 2000, Inc., Atlanta, GA, USA) 

were installed at Newport OR and collections were made continuously for 

several days. Plates containing SMP growth mediiim were replaced at 

time intervals of approximately 8 hrs. Plates were incubated at ca 

25*0 and the number of E. carotovora cfu determined. 

Over the course of the studies described in this dissertation, 

miscellaneous ocean water samples were collected from various locations 

by cooperators. Bottles half-filled with sterile double-strength MPEM 

were completely filled with ocean water samples to be tested and 

tightly capped. These served as direct enrichments and were shipped or 

otherwise returned to the laboratory by the cooperator and assayed for 

the presence of E. carotovora using methods described above. 
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Inland Surveys 

Precipitation, Cloud Water and Aerosols 

r 

Precipitation in the form of snow was collected during winter 

months because this time coincided with periods of greatest storm 

activity, susceptible host plants were not being commercially grown, 

and, if soil was a potential source of viable E. carotovora. most 

surfaces were frozen or covered with snow. The majority of snow 

samples were collected from sites located within Colorado. However, 

some samples were collected from outside the state as well. 

Snow was collected periodically from nine sites in Colorado from 

January 1983 through May 1986. Visits to some collection sites were 

made monthly or.bimonthly while some sites were visited only 

sporadically over the 41-month period. Visits to sites were made only 

during months when snow could be collected. July and August were the 

only months during which no samples were collected in any of the years. 

Additional miscellaneous samples were collected from Oregon, Idaho, 

Utah, and Wyoming. 

Colorado collection sites which were visited at least once were 

Berthoud Pass (BTD), Cameron Pass (CAM), Fremont Pass (FMT), Fort 

Collins (FTC), Fox Park (FXP), Gore Pass (GOR), Loveland Pass (LVD), 

Mount Werner near Steamboat Springs (MTW), and Rabbit Ears Pass (REP). 

Snow samples were collected in plastic pails with covers 

sterilized by autoclaving or by surface disinfestation with 95% 

ethanol. The pail was used to scoop fallen snow to a depth of up to ca 

25-30 cm. The same area previously scooped and thus exposed to the 

outside of the pail was never sampled a second time. The pail was 

gently tapped to pack snow and the cover was replaced. Sterile water 
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blanks contained in identical pails were carried into the field and 

returned to the laboratoiry, along with the snow samples. These were 

assayed and served as negative checks to determine if contamination by 

E. carotovora occurred during assay. 

Snow samples were allowed to thaw in the laboratory at room 

temperature (ca 26°C) or^at 4°C and were usually processed within 24-48 

hr after collection. Samples were processed by either celite 

filtration or by filtration through membrane filters and two 50 ml 

direct enrichments were also usually done for each sample. All 

enrichments were incubated anaerobically and tested for the presence of 

E. carotovora. If present, E. carotovora strains were purified and 
-

stored for later characterization by biochemical and serological 

techniques. All procedures used were described above in General 

Methods. 

Additional samplings of frozen cloud water (rime ice) and aerosols 

were made at the Mount Werner collection site. A small mountain-top 

laboratory, Storm Peak Laboratory (SPL), was located at this site and 

operated cooperatively by the Colorado State University Department of 

Atmospheric Science and the Department of Plant Pathology and Weed 

Science. The laboratory was located at an elevation of 3220 m and was 

frequently enveloped in clouds. Cloud water samples were collected 

when the laboratory was enveloped in cloud which were the only times 

possible for a riming event to occur. Aerosol samples were collected 

both during riming events and at times when the laboratory was not 

shrouded in cloud. 

Rime ice was passively collected on plastic screens surface 

disinfested with 95% ethanol. Screens consisted of 0.79 cm Poly-mesh 
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polyethylene matting (Cole-Parmer Instrument Company, Chicago, 

Illinois, 60648) mounted on wooden frames with an inside dimension of 

r 

16.3 cm wide by 30.7 cm high. The frames were placed in horizontal 

aluminum channels supported by a vertical pipe which could be raised or 

lowered within a base-plate support and locked into place with several 

threaded bolts. The screens were positioned at right angles to the 

wind direction by rotating the vertical pipe inside the base. Once 

assembled, the collector held ca 30 screens at one time. The rime ice 

collector is shoxra on the roof of SPL in Figure 1. 

When the laboratory was enveloped in cloud, passive wind movement 

of the cloud through the screens impacted supercooled cloud water 

droplets on the screens and ice nucleation occurred resulting in a 

buildup of frozen cloud water (rime ice). The rime ice was aseptically 

scraped into sterile pails identical to those used for snow collection. 

Latex gloves were worn and periodically misted with 95% ethanol when 

harvesting rime from the screens. Samples were returned to the Potato 

Virus and Weed Research Laboratory and processed using methods 

described for snow samples. 

Aerosol samples were collected using the procedure previously 

described for the coastal surveys. Most samples were collected for 

periods of five minutes with an air flow rate of 700 1 air per minute 

through the sampler. Occasionally, samples were collected for longer 

periods of time or at an air flow rate of 30 1 per minute. Data for 

each collection were recorded so that total air volumes sampled could 

be calculated. The growth medium most commonly used for the collection 

was SMP. 



Figure 1. The relative positions of the rime ice collector and the intake for the aerosol sampler 
on the roof of Storm Peak Laboratory at the Mount Werner collection site. The collector is in the 
center of the figure and the individual screens, which serve as a nucleating surface for rime 
deposition, can be seen. The vertical stand-pipe and curved elbow, which serves as the intake 
to the aerosol sampler, can be seen on the left. 
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Aerosol samples collected prior to January 1985 were made by-

placing the Casella sampler on the roof of SPL. However, petri dishes 

containing SMP quickly froze under those conditions and, after thawing, 

it was difficult to visually detect pectolytic colonies on previously 

frozen plates. Single colony transfers were therefore made to fresh 

SMP medium for re-evaluation to determine if E. carotovora had been 

recovered. 

Aerosol samples collected during or after January 1985 were made 

with the sampler located inside SPL. A straight vertical stainless-

steel stand-pipe, 10.2 cm diameter, was connected and sealed to the 

intake orifice of the Casella sampler with a short section of flexible 

tubing and duct tape. The pipe protruded 1 m above the roof of the 

laboratory. A plastic 90° elbow was placed on top of the stand pipe 

and pointed into the wind during sample collection. A weather vane was 

placed on the roof near the intake tube so that the proper orientation 

of the intake could be visually verified. The intake to the aerosol 

sampler and stand-pipe protruding through the roof of SPL are shown in 

Figure 1. 

A NiChrome V porcelain-beaded electrical heating wire (Cole-Parmer 

Instrument Company, Chicago, Illinois, 60648) was wrapped around the 

outside of the section of pipe (ca 0.6 m) exposed inside the 

laboratory. The ends of the heating wire were connected to a SCR 

voltage controller (Cole-Parmer Instrument Company, Chicago, Illinois, 

60648) to allow variable control of the heat output. Glass-fiber 

insulation was wrapped around the heated section of the stand pipe to 

minimize heat loss. 
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The purpose of the heating wire was two-fold. First, the inside 

of the stand pipe and terminal elbow was disinfested by misting 95% 

ethanol into the inlet prior to collecting a series of aerosol samples. 

Adjusting the rheostat to maximum voltage for 15-20 minutes heated the 

pipe thus helping to disinfest it and also evaporated the ethanol. 

Second, by carefully adjusting the amount of heat with the voltage 

regulator, the temperature of the air drawn through the stand pipe by 

the sampler could be elevated as needed to prevent freezing of the 

growth medium. However, heating the air was not always required 

because of additional modifications made to the intake head of the 

sampler. 

The intake head was modified by gluing eight 25-watt 560-ohm 

resistors near the four sampler slits. The resistors generated heat 

that dissipated into the collector head when connected to a llOV 

electrical outlet. The resistors could be operated independently from 

the operation of the sampler. When the resistors were energized the 

SMP did not freeze but when the resistors were not activated plates 

usually froze to varying degrees. 

Through trial and error it was found that aerosol samples could be 

successfully collected with the resistors operating and with the 

voltage controller turned off or adjusted to 10%. Under these 

conditions SMP in petri plates was tjrpically not frozen, or the surface 

was only slightly frozen near the center of the plate, when exposed for 

5-10 minute sampling times. All collection plates were individually 

labelled and returned to the Potato Virus Laboratory for incubation and 

evaluation for the presence of E. carotovora. After evaluations were 

made, pure strains of E. carotovora were streaked onto several of the 
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old collection plates to verify that, if E. carotovora were present, 

tjrpical growth would have occurred on the medium. 

North Central Colorado: Surface Water and Soil 

Water and soil samples were collected aseptically from three sites 

in north central Colorado. Collections were made at ca monthly 

intervals from May, 1983'^hrough July, 1985 and at ca bi-monthly 

intervals thereafter through June 1986. Soil samples were generally 

collected only from late spring through late fall. Snow cover and/or 

frozen soil at the collection sites made collection impossible at other 

times. Water collections were occasionally missed due to 

inaccessibility of the site (usually site 55) or delayed by inclement 

weather which precluded travel to the collection sites. Collection 

sites were located on the Elk River (site 17) six miles northeast of 

Clark, CO, the Yampa River (site 24) in Yampa, CO, and an unnamed 

stream (site 55) near the summit of Rabbit Ears Pass ca 20 miles 

southeast of Steamboat Springs, CO. The stream at site 17 was ca 7.6 m 

wide, the stream at site 24 was ca 4.6 m wide and the stream at site 55 

was ca 1.8 m wide. Water samples were collected 48 times from sites 17 

and 24 and 18 times from site 55. Soil samples were collected 22 times 

from sites 17 and 24 and 16 times from site 55. 

Water samples were collected in disinfested Nalgene (Nalge Co., 

Division of Sybron Corp., Rochester, NY 14602, USA) 10 1 polyethylene 

jugs and returned to the laboratory for processing. Samples were 

processed by filtering large volumes of water (average volume processed 

was 6.0 1) to concentrate bacterial cells. Celite column filtration 

was used for processing June and July 1983 samples and the remainder 

were process by filtration through sterile membrane filters. After 
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filtration, celite columns or membrane filters were placed into a MPEM 

and anaerobically enriched for 96 hr at 26 °C as described above. A 50 

f 

ml subsample was also assayed by direct anaerobic enrichment. 

Soil samples were collected in disinfested plastic pails using a 

clean spade disinfested by washing with water and misting with 

disinfectant prior to collecting each sample. Generally ca 11 1 of 

soil was collected from each site on each collection date. Samples 

were returned to the laboratory for processing. Samples were processed 

by adding ca 4 1 of autoclaved and cooled deionized water to each 

sample and stirring to produce a slurry. The soil particles were 

allowed to settle for several days and the supernatant was gently 

decanted. The supernatant was then processed by membrane filtration 

(average volume processed was 0.7 1) plus anaerobic enrichment and by 

direct enrichment of 50 ml subsamples as described above for the water 

samples. 

After anaerobic incubation of water and soil enrichments, E. 

carotovora was detected by subculturing on SMP or CVP. Presumptive 

Erwinia colonies were purified and stored at 4°C for later 

characterization by physiological and serological tests. All 

procedures used were described earlier. 

South Central and Eastern Colorado: Flowing Surface Water 

A study was done to quantify and characterize E. carotovora 

populations present in surface water as it flowed downstream from 

mountainous regions to areas of intensive agriculture where water was 

commonly diverted for surface irrigation of crops. Three streams, the 

Arkansas (ARK), Rio Grande (RGR) and South Platte (SPR) rivers were 

each sampled at five sites beginning near the headwaters in remote 
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mountainous areas and ending at locations in areas with intensive 

agriculture. Sites on all rivers were located in Colorado and were 

f 
generally near bridges or areas where roads crossed or ran near the 

streams. All sites on each river were sampled on the same day each 

time a collection was made. However, occasionally, some sites were not 

sampled because of inaccessibility or because the water surface was 

frozen. 

Collection sites on the ARK were located ca 3 km north of 

Leadville in a mountainous region near the head of the river (site 22); 

in an area 8 km north of Salida where agriculture is limited mainly to 

cattle grazing (site 2) and ca 80 km south of Salida (site 56): in an 

area near Florence where some grazing occurs, scattered farms are 

present and the river enters the eastern plains (site 20); and in an 

area of intensive diversified agriculture on the eastern plains 8 km 

north west of Rocky Ford (site 21). Samples were collected 27 times at 

approximately monthly intervals starting in May 1983 and ending in July 

1985. Four additional collections were also made in October, 1985 and 

January, April and June 1986. 

RGR collection sites 1 and 2 were in mountainous areas ca 28 and 5 

km, respectively, north west of Creede; site 3 was located in an area 

where some grazing occurs, ca 2 km west of South Fork; sites 4 and 5 

were located 11 km west of Monte Vista and ca 10 km east of Monte 

Vista, respectively, in the San Luis Valley where alfalfa, potatoes, 

small grains and miscellaneous other crops including lettuce are grown. 

Sites on the SPR were located in a mountainous region ca 14 km 

north of Fairplay (site 1); at the point where the river enters the 

eastern plains south of Kassler (site 2) and at the approximate point 
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where the water enters the agricultural production area ca 2 km west of 

Brighton (site 3). Two additional sites within the agricultural 

production area ca 4 lii south east of Milliken (site 4) and ca 2 km 

north of Kersey (site 5) were also sampled. 

Collections from the RGR and SPR were made monthly starting in 

June 1983 and ending in.August 1984. Fifteen collections were made 

from each river. 

All water samples were collected in surface disinfested or 

autoclaved plastic jugs. Three replicate samples (ca 3.8 1 each) were 

collected at sites 22, 56, and 21 on the ARKj' 1, 3 and 5 on the RGR, 

and 2, 4 and 6 on the SPR each month samples were collected. The 

number of E. carotovora cfu/ml was determined by spread plating 0.2 ml 

aliquots directly onto each of two plates of SMP or CVP. Plates were 

incubated at 26'C and colonies counted after 48 hr for quantitative 

determination of E. carotovora populations. The remainder of the 

sample was processed for qualitative determination of E. carotovora 

presence by celite filtration and direct enrichment followed by 

anaerobic incubation, as described earlier, to detect low populations. 

Water samples collected at sites 2 and 20 on the ARK; 2 and 4 on 

the RGR; and 1 and 3 on the SPR consisted of one 5 1 sample collected 

on each date. Samples were processed for qualitative determination of 

E. carotovora presence by celite filtration and direct enrichment 

followed by anaerobic incubation. Water collected from these sites was 

not processed by spread plating to quantify I. carotovora populations. 

E. carotovora was detected in enrichments as described earlier and 

representative E. carotovora strains isolated from each site on each 

collection date were purified and stored. Stored strains were later 
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characterized to determine E, carotovora subspecies present and 

serotyped using methods described earlier. Generally, two strains per 

site per date were tested serologically. 

Statistical Analysis. Statistical analysis of the data was done 

by the Colorado State University Statistical Consulting Laboratory 

using methods of analysis suggested by Dr. P.L. Chapman, Department of 

Statistics. The statistical package, SPSS-X Release 2.0 from 

Northwestern University, was used for analysis of variance (MANOVA). 

Quantitative data for each river were analyzed separately. Data were 

transformed using the formula log^^o (X+1) prior to analysis to equalize 

variances and seasonal averages were used in the analyses rather than 

monthly averages. Three seasons, season 1 (pre-planting: January-

April) , season 2 (growing season: May-August) and season 3 (post 

harvest: September-December) were used. 

Effect: of Contaninated Irrigation Water on Potato Production 

Effect of Inoculum Concentration on Disease Incidence 

Studies were done in the field during 1985, 1986 and 1987. Field 

plots were located at Fort Collins and Center, Colorado in 1985 and 

1986 and only at Center in 1987. Pesticides (fungicide and 

insecticide) were applied to foliage as needed during the growing 

season. Weed control was achieved by pulling weeds or by applying 

glyphosate at recommended rates. All field plots were watered by 

overhead irrigation as needed during the growing season. 

Normal irrigation water applied had an estimated resident E. 

carotovora population of 7.3 cfu/ml at the Fort Collins location and 

0.7 cfu/ml at Center. Populations were estimated by spread plating 

samples collected several times during the course of the experiment on 
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SMP or CVP. Water treatments applied to the field plots were usually 

applied in addition to the normal irrigation scheduling although 

occasionally treatments were applied in lieu of the normal irrigation. 

To apply inoculation treatments bacterial suspensions were poured 

inside a plastic ring or collar (ca 28 cm diameter and 10 cm high), 

partially buried in the oftil to surround the base of each plant, and 

allowed to soak into the soil. This technique confined the inoculum 

applied to individual plants. All plants were inspected periodically 

to determine if typical blackleg symptoms developed during the growing 

season. 

Field Studv. 1985 Growing Season. Rooted plantlets from tissue 

culture were used to plant the plots. The Fort Collins plot was 

planted on June 10 and the Center plot June 19. The experimental 

design was a split-split plot with location and cultivar as whole plot 

and inoculation treatments as sub-plots. Four replications (blocks) 

were included at each location. Two plantlets were planted in each 

treatment plot. 

Although the experiment was originally designed to include the 

cultivars Russet Burbank (RB), Centennial Russet (CR), Norgold Russet 

(NR), and Sangre (SA), the CR was inadvertently replaced by RB. 

Therefore, an additional four replications of RB and no CR were 

included in the study at both locations. This error was accommodated 

in the statistical analysis by assigning replications five, six, seven 

and eight for RB to blocks one, two, three, and four, respectively. 

Inoculation treatments were applied three times during the season 

at each location. Application dates were July 25, August 8 and August 

21 at Fort Collins and July 28, August 11 and August 25 at Center. 
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Inoculiim was prepared for each location immediately prior to each 

application. Cells (Ecc serogroup XXIX) were grown in pure culture on 

NA slants at 26"C then removed from the slant by washing with cold 

autoclaved distilled deionized water. The number of cfu/ml in the cell 

suspensions was calculated using a standard curve based on the optical 

density of £. carotovora cell suspensions (2). Appropriate serial 

dilutions were made and inoculum was added to the normal irrigation 

water used at each field plot site to achieve target populations of 0 

cfu/ml (no cells added), 1 x 102, 1 x 10^ and 1 x 10^ cfu/ml for 

treatments 1. 2, 3, and 4, respectively. A total volume of 1.5 1 of 

inoculum for each treatment (equivalent to approximately 1 acre-inch of 

water) was poured into the ring around each plant. Subsamples of 

inoculum suspensions were collected at the time of application and 

assayed by spread plating on CVP or SMP to estimate the actual Ecc 

populations (cfu/ml) applied. 

Field plots were harvested by hand on September 6 at Center and 

September 20 at Fort Collins. Each stem was cut ca 7 cm above the soil 

line with a knife previously dipped in 95% ethanol and the tops were 

removed. Stem bases from both hills in each treatment plot were pulled 

and placed in new plastic bags. A representative sample of uninjured 

tubers from each of the 128 treatment plots was placed into a single 

sterile paper bag. 

Symptomless stem bases harvested from the plots were assayed for 

latent infections of E. carotovora. They were washed to remove soil 

and soaked for several minutes in 10% (v:v) commercial bleach diluted 

with tap water. A knife, dipped in 95% ethanol and flamed prior to 

each cut, was used to trim roots and remove both ends of the stem base 
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leaving a stem section ca 2.5 cm long. This stem section was dipped in 

ethanol and flamed at least once to disinfest the surface. The section 

was split longitudinally and one piece placed in a sterile culture tube 

containing ca 3 ml of single strength MPEM for enrichment. Enrichments 

were incubated anaerobically and the presence or absence of E. 

carotovora detemined byitsubculturing on CVP or SMP as described 

earlier. Positive enrichments were considered proof that at least one 

£. carotovora cell was present inside the s3nnptomless stems assayed. 

A periderm peel method was used to determine if symptomless tubers 

were infested with E. carotovora. Four tubers from each sample were 

randomly selected and ca 2.5 g of tuber peel (periderm) was aseptically 

removed from each tuber and composited into a single sample. The total 

weight of the composited sample was recorded and the peels placed into 

100 ml of cold sterile deionized water. The sample was macerated in a 

food blender at high speed for 30-45 s; and an aliquot (ca 7.1 ml) was 

enriched by adding it to an equal volume of sterile twice-strength 

MPEM. Enrichments were incubated anaerobically and assayed on CVP or 

SMP to determine if £. carotovora was present on tuber surfaces. 

One tuber from each treatment plot was predisposed to decay using 

the method outlined by Lund and Kelman (50) except tubers were not 

injured prior to wrapping. Tubers were incubated at 21''C for 5 d and 

the number of rot-pockets counted. Tissue from each rot-pocket was 

tested to determine the presence or absence of E. carotovora by 

suspending rotted tissue in sterile distilled water and plating an 

aliquot on SMP or CVP. Representative E. carotovora strains from all 

assays were purified and characterized to determine the subspecies 

recovered. 
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Field Studv. 1986 Growing Season. Whole tubers grown at the San 

Luis Valley Research Center were used as seed. Tubers were planted in 

field plots on June 6 and June 5 at Center and Fort Collins, 

respectively. The experimental design used was the same as in 1985. 

Two seedpieces (subsamples) were planted in each treatment plot. Four 

cultivars, RB, CR, NR, and SA, were included in the study. 

Inoculation treatments were applied seven times during the season 

at each location. Application dates were July 8, July 16, July 22, 

July 28, August 5, August 12, and August 18. Inoculum was prepared and 

applied using the methods described above for 1985. However, a single 

batch of inoculum was prepared on each date and used for treatments at 

both locations. Also, Eca strains were used instead of Ecc. Inoculum 

consisted of two strains of Eca in a target ratio of 1:1. One strain, 

IPM-649, serogroup I, was isolated from a potato plant with typical 

blackleg symptoms in 1985. The second strain, G-424, was a non-

serogroup I strain isolated from a snow sample collected from Gore Pass 

(GOR) on 7 February 1984. Inoculum was prepared so that each Eca 

strain was added to irrigation water at the same target population used 

in 1985. Therefore, final total target populations applied were twice 

those used in 1985 but consisted of one-half Eca strain 1 and one-half 

strain 2. Subsamples of inoculxjm suspensions were assayed, as 

described for 1985, to estimate actual populations of viable cells 

applied. Because the two Eca strains grew at different rates in 

culture, it was also possible to approximate the actual ratio applied 

in the irrigation water based on colony morphology. 

Plots were harvested on September 6 and October 7 at Center and 

Fort Collins, respectively. Harvesting procedures for stems and tubers 
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were as described above for 1985 with two minor modifications, 

Subsamples (hills) from each plot were not combined and all tubers were 

collected. Assays of stems and tubers from each of the 256 hills in 

the study were done as described for 1985, 

Field Studv. 1987 Growing Season. Field plots were located only 

at Center, CO in 1987. feedstocks used in the study were produced in 

the San Luis Valley. Cultivars were the same as those used in 1986. 

The experimental design was a randomized complete block with 4 

replications, 16 treatments and 5 subsamples (hills) per plot. Plots 

were planted on May 18. 

Inoculations were made on June 22, June 30, July 12, July 23, 

August 4, and August 13. Methods used for inoculum preparation and the 

target £. carotovora populations used were the same as those described 

for 1985. The Ecc strain used was jserologically identical to the 

strain used in 1985 (serogroup XXIX). One stem from each of three 

subsamples (hills) per plot (192 total) was harvested and assayed for 

latent infection using methods described for 1985, 

Statistical Analysis. Statistical analysis of the data for all 

years was done by the Colorado State University Statistical Consulting 

Laboratory using the methods of analysis recommended by Dr. P.L. 

Chapman, Department of Statistics. The statistical package, SPSS-X 

Release 2.0 from Northwestern University, was used for analysis of 

variance (MANOVA). Data for each year were analyzed separately and the 

incidence of stems and tuber groups from which E. carotovora was 

isolated and the squaire root of the number of rot pockets per tuber 

containing E. carotovora were analyzed. If linear trends were 

statistically significant (P < 0.05) regression lines were calculated. 
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Effect of Naturally Occurring Erwinia Strains on Disease Incidence 

A field study was made to determine if E. carotovora strains 

recovered from aerosols, rain and snow were able to infect healthy 

potatoes when applied in irrigation water. Identical field plots were 

planted at Center and Fort Collins, CO in 1986. Eight blocks ca 3 m 

apart each containing 20..potato plants were planted at each location. 

Block dimensions were 0.9 m x 0.9 m and spacings used within the block 

were 20.3 cm between rows and 15.2 cm between plants. Tubers grown in 

the San Luis Valley were used to plant the blocks and four cultivars 

(RB, CR, NR, and SA) were planted in single rows within each block. 

Each row consisted of five plants. The Fort Collins plot was planted 

on June 5 and the Center plot on Jixne 6. The location of the cultivars 

(rows) was randomly assigned within each block. 

After planting, a narrow trench ca 15 cm deep was dug around the 

perimeter of each block. A plastic sheet ca 65 cm wide was folded 

several times, placed in the trench and anchored in place by refilling 

the trench with soil and banking the outer edge of the plastic sheet, 

extending above the soil surface, with extra soil from outside the 

block. The plastic sheeting provided an adequate basin to confine the 

inoculum to the blocks in a manner similar to the plastic collars used 

in the studies described above. 

Inoculum was prepared from pure cultures of E. carotovora as 

described for the previous field study. Eight inoculxom treatments were 

used at each location. They consisted of irrigation water to which no 

cells were added (negative check) and irrigation water to which seven 

different E. carotovora strains were added. Strains used were an Ecc 

aerosol strain (OA-2) isolated in Oregon (serogroup XXIX), an Ecc rain 
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strain (057-3) isolated in Oregon (not tested serologically), an Ecc 

snow strain (Gl) recovered from Rabbit Ears Pass in Colorado 

(serological identity not known; a non-serogroup Ecc XXIX strain), an 

Eca aerosol strain (OA-3) isolated in Oregon (no reaction when tested 

against serogroup I antiserum), an Eca rain strain (058-3) isolated in 

Oregon (no reaction wh^ji tested against serogroup I antiserum), an Eca 

snow strain (G424) isolated from Gore Pass in Colorado (a 

characteristic reaction of non-identity, termed NID, when tested 

against serogroup I antiserum) and an Eca blackleg strain (IPM-649) 

isolated from a potato stem in Colorado, with typical blackleg symptoms 

(serogroup I). The Eca blackleg strain was included in the study 

because it was knovm to be pathogenic under noinnal field conditions. 

Inoculvun was prepared seven times during the growing season. A 

single suspension of cells was prepared for each treatment and used for 

both locations on each date. Treatments were applied on approximately 

July 8, 18, 22, and 28 and August 5, 12 and 18. Inoculvun was applied 

in 18 1 of water per block (equivalent to approximately 0.9 acre-inch) 

and after the inoculiom soaked into the soil, an additional 18 1 of non-

inoculated water was applied to each block. 

All plants were inspected periodically during the growing season 

to determine if typical blackleg symptoms developed. Isolations were 

made from plants with typical blackleg symptoms and E. carotovora 

strains isolated were purified by subculturing and stored. Individual 

symptomless stems were harvested from each hill and assayed using 

methods described earlier to determine if latent infections occurred. 

A representative sample of tubers from each cultivar (row) in each 

block was harvested (64 samples total) and assayed for E. carotovora 
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using the periderm peel method described earlier. A single tuber from 

each cultivar in each block located at Center was also assayed by the 

tuber-wrapping method (50). 

Representative strains recovered from all assays were purified and 

characterized to determine subspecies isolated. Eca strains were also 

tested serologically to determine if they were the same as or different 

from serogroup I. Isolation and serological data for strains recovered 

versus strains applied in irrigation water were used to determine if 

naturally occurring £. carotovora strains from the various sources were 

involved in disease development. This procedure satisfied Kochs 

postulates (1) for proving pathogenicity. 

Laboratozy Studies 

Activity of Aerosolized Erwinia carotovora as Cloud Condensation Nuclei 

Aerosolized £. carotovora cells were tested in a preliminary study 

to determine their relative activity as cloud condensation nuclei (CCN) 

in simulated cloud formations. Three E. carotovora strains were 

tested. CCN activities of carotovora cells were compared with that 

of ammoniijm sulfate aerosols, which are highly efficient CCN. Separate 

simulated air parcel ascents were done for each of the four aerosols 

studied and ascents were not replicated. Aerosol concentrations and 

controllable pre-cloud conditions were standardized to facilitate 

comparison among the four ascents. 

All tests were done with the assistance of Mr. Paul DeMott, 

Colorado State University Department of Atmospheric Science, using the 

CSU dynamic cloud chamber (DCC). The DCC characteristics are described 

in detail elsewhere (14), Briefly, adiabatic expansion of an air 

parcel is simulated in the DCC by evacuation of a 2 m^ chamber 
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surrounded by stainless steel. A 1.2 volume of air within the 

chamber is further isolated by a force-cooled copper inner liner. The 

T 

temperature of the inner liner is controlled to approximate the 

predicted simulated adiabatic cooling from evacuation. The cloud forms 

within the inner liner. Evacuation control, cooling control and data 

acquisition are done by microcomputers. Temperature, pressure, 

humidity and cloud droplet (activated CCN) concentrations within the 

DCC were recorded at 15 s intervals during simulated ascents. Cloud 

droplet concentrations (cm'^) were measured using a Particle Measuring 

Systems Forward Scattering Spectrometer Probe (FSSP-lOO) (Particle 

Measuring Systems, Inc., Boulder, C0^80301). Quantitative 

calibrations made two months after the experiments reported here showed 

the FSSP-lOO to be tonderestimating sample volume (overestimating 

concentrations) by a factor ranging from 1.77 to 2.29. For this 

reason, raw data were divided by a correction factor of 1.96 which was 

the best average estimate of the instrument error (Paul DeMott, 

personal communication, March, 1988) to adjust the data. 

E. carotovora strains used in the studies included an Eca blackleg 

strain (IPM-649), an Ecc strain (OA-2) and an Eca strain (OA-3). Both 

of the latter strains were isolated from aerosols in the Oregon 

surveys. The strains were also used in the field studies described 

earlier. £. carotovora cells were increased in pure culture in twice-

autoclaved TYG (0.5% Bacto-tryptone, 0.2% yeast extract, 2% glycerol) 

broth. Sterile broth was inoculated with each strain and incubated at 

26°C in shake-culture at 85 rpm for 36 hr. Cells were then 

concentrated by centrifugation at 1100 x G for 20 minutes and 
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resuspended in 70 ml cold sterile deionized water. Resuspended cells 

were used in the studies. 

r 

Cell suspensions were injected into the DCC using a TSI (Model 

9306) aerosol generator (TSI, Inc., St. Paul, MN 55164) using filtered 

air as the aerosolization and transport medium. Aerosols were first 

passed through a DavisonS-Type 3A M-562 diffusion dryer (Fisher 

Scientific Company, Fairlaxm, NJ 07410) and total concentrations 

determined using a TSI (Model 3020) condensation nucleus counter (TSI, 

Inc., St. Paul, MN 55164). The flow rate of the carrier air was 

measured and the period of aerosol injection into the DCC was 

calculated to result in a final concentration of ca 700 particles per 

cm-^ of pre-cloud air within the inner chamber for each aerosol tested. 

The ammonivim sulfate aerosol was treated identically to those for E. 

carotovora except they were generated by bubbling filtered air through 

a 1% (w:w) solution of ammonium sulfate. Sterile deionized water used 

to suspend bacterial cells and distilled water used to dissolve 

ammonium sulfate were also aerosolized into the chamber and tested in 

the same ways as the E. carotovora cells and the ammonium sulfate. 

The chamber pressure range for the experiments was from 

approximately 830 mb at the start of the ascent to 400 mb at the 

finish. Data recorded during the simulated ascent were used to produce 

figures showing the relative CCN activities of the aerosols tested. 

Data for cloud droplet concentrations for ascents using water alone 

were subtracted from results for simulated ascents using bacterial 

cells or ammonium sulfate prior to summarizing the data. This gave a 

conservative estimate of cloud-droplet concentration since CCN with 

poor activity (such as those found in water) will not be activated in 
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the presence of more efficient CCN. To facilitate comparison among 

separate ascents, the time when the calculated relative humidity-

reached 100% was selected as t - 0 (±15 s) for all data sets. 

Survival of Erwinia carotovora in Snow 

Two preliminary experiments were performed to estimate survival 

time of Ej. carotovora in^inoculated snotj. Snow samples were collected 

in surface disinfested containers on February 2, 1985 (experiment 1) at 

Fort Collins and April 26, 1985 (experiment 2) at Cameron Pass. E. 

carotovora cells were cultured on NA, suspended in sterile deionized 

water and applied to the snow samples with a hand-held atomizer while 

mixing the snow. Separate suspensions of Ecc and Eca were applied to 

equal volumes of snow. Ecc (strain C19) used in experiment 1 and Eca 

(strain JIO) used in both experiments were initially isolated from 

potato plants with blackleg symptoms in Colorado. The Ecc inoculum 

used in experiment 2 was increased from the homologue for serogroup 

XXIX. Snow inoculated on February 2 was placed into sterile labelled 

polypropylene bottles and stored at -SO'C. Snow temperature was ca 

-5°C at the time of inoculation. Snow inoculated on April 26 was 

thawing slightly when inoculated and was placed into new, previously 

labelled, 1 qt Ziploc^ plastic freezer bags (Dow Consumer Products, 

Inc., P.O. Box 68511, Indianapolis, IN 46268-0511). Bags were stored 

at -15 to -20°C. Uninoculated (negative check) samples were collected 

prior to inoculation in both ,experiments and stored and assayed the 

same as inoculated samples. 

Three and four replicate snow samples were processed for each time 

interval and E. carotovora strain tested in experiments 1 and 2, 

respectively. For each replicate, the number of cfu of E. carotovora 
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per ml of melted snow was estimated by spread plating 0.2 ml on each of 

five SMP plates (experiment 1) or on each of three SMP plates 

(experiment 2). A 50 ml subsample of water from each replicate was 

also processed by direct enrichment and a greater voliome (average 547 

ml, experiment 1 and 274 ml, experiment 2) was processed by membrane 

filtration followed by anaerobic incubation to detect viable E. 

carotovora cells. 

Since initial populations differed for each experiment and each 

strain tested, direct comparison of population means among treatments 

was not possible. However, comparison of half-life values among 

treatments were made. The numbers of cfu of E. carotovora ner ml of 

melted snow for each organism and each experiment were measured over 

time and used to calculate half-life (t) values. The following formula 

of Yarwood and Sylvester (81) was used to calculate the half life 

values: 

T X 0.301 
t — 

Log Po - Log P-j 

where: t - half-life (days) 

T - elapsed time (days) 

Po - initial population 

Pf - final population. 

The calculated values were used to estimate the time viable populations 

were expected to be present in the snow. 

Replication of Erwinia carotovora in Natural Surface Water 

Studies have shown that pathogenic strains of Erwinia carotovora 

can be recovered from surface water samples. One key question is 

whether these are present as contaminants or are actually water 
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inhabitants that can replicate under some environmental conditions 

which are currently undefined. Therefore, a preliminary study was done 

to determine if replication of four E. carotovora strains could occur 

in water from four sources. 

Water samples used in the study were ocean water collected at 

Oceanside, CA in February-1987, Rio Grande River water (RGR) collected 

at Del Norte, CO in January 1988 and South Platte River water (SPR) 

collected at Platteville, CO in January 1988. Brown algae (sea-weed) 

was also collected at Oceanside, CA in February 1987 and placed in a 

separate container. Ocean water and brown algae samples were stored in 

the cold room at the Potato Virus Laboratory at 4°C in 10 1 

polyethylene jugs. The RGR and SPR samples were collected in 

autoclaved 3.8 1 polypropylene jugs. 

All water samples were filtered through Gelman sterilized membrane 

filters with 0.45 ym pore size. One hundred fifty ml of filtrate was 

placed into each of four autoclaved erlenmeyer flasks capped with 

sterile aluminum foil. Four flasks of filtered deionized water were 

also included in the study. An additional four flasks of ocean water 

to which sea weed air dried several days at room temperature and ground 

in a surface disinfested mortar was added at a rate of 1% (w;v) (1.5 g 

per flask were also included in the study. 

Inoculum was grown on NA slants at 26*0. Slants were streaked on 

January 12, 1988 and cells were removed by washing with sterile cold 

deionized water on January 14, 1988. Absorbance values were measured 

using a Bausch and Lomb Spectronic 20, Model 340 spectrometer and 

concentrations (cfu/ml) calculated as outlined by Aleck (2). A volume 

of the suspension containing 7.5 x 10^ cfu was removed and placed in 
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500 ml of sterile cold deionized water to give a final concentration of 

1.5 X 10^ cfu/ml. Cells were "rested" at this concentration for ca 16 
f 

hr at 4.5°C to expend endogenous metabolites. One ml of the "rested" 

suspension was added to each of the flasks in the experiment to give a 

target population of 10 cfu/ml. Four Ec strains tested were: 1) IPM-

649 Eca blackleg strain ̂ serogroup I); 2) G-424 Eca snow strain (non-

serogroup I); 3) Oregon 057-3 Ecc rain strain (non-serogroup XXIX) and 

4) Oregon OA-2 Ecc aerosol strain (serogroup XXIX). 

The inoculated flasks were placed on a reciprocating shaker table 

(146 RPM) and incubated at room temperature (ca 24-28°C) during the 

course of the study. Aliquots (0.2 b^) from each flask were spread 

plated on one plate SMP for each time interval tested to determine E. 

carotovora cfu/ml at various periods after inoculation. Assay 

sensitivity was >1.25 cfu/ml. Populations were tested immediately 

before and immediately after inoculation and at intervals of 1, 2, 4, 

8, 16, 32, 72, 127, and 337 hr. 



RESULTS 

Coastal Sturveys 

July 1983. Four oc&axL water samples were collected near Newport, 

OR and an average volvime of 20 1 per sample was processed. Erwinia was 

recovered from two samples and seven strains were purified and 

identified. All were identified as Ecc. None of the aerosol samples 

collected (2.38 x 10^ 1 air sampled) yielded viable carotovora 

strains. 

December 1983. Twenty samples of ocean water were collected at 10 

sites along ca 285 km of the Oregon coastline. All of the samples had 

detectable populations of £. carotovora present when an average volxme 

of 4.3 1 per sample was processed. Of 135 strains isolated, 124 were 

identified as Ecc and 11 as Eca. 

Rain water samples were collected over a period of ca 6 days. 

Twenty-nine samples, averaging 3.9 1 per sample, representing 15 

collections were processed. Thirteen (87%) of the collections had 

detectable populations of E. carotovora present. A total of 146 

carotovora strains were purified and identified. Of these, 102 were 

identified as Ecc and 44 as Eca. 

Aerosol collections yielded 16 strains of E. carotovora. 7 Ecc and 

9 Eca. A total volume of 7.89 x 10^ 1 of air was sampled. Relative 

humidity was always near 99% during the periods when successful 
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collections were made. Airborne E. carotovora cells were collected 

whether or not rain was falling at the time of collection. 

March 1984. Water samples were collected at ca 16 sites along the 

Oregon coast and seven samples were obtained from up to several km from 

shore by the U.S. Coast Guard. A total of 27 samples were collected 

and an average volxime ofi».6.8 1 per sample was processed. Of these, 20 

(74%) had detectable populations of £. carotovora. A total of 107 E. 

carotovora strains were isolated and 98 were identified as Ecc and 9 as 

Eca. Viable E. carotovora cells were recovered from ocean water 

collected up to 3.2 km away from the shore. Samples were not collected 

beyond that distance. 

Four rain collections were made over a period of two days. Eight 

samples averaging 3.3 1 per sample were processed. E. carotovora was 

recovered from at least one sample from each collection. All 43 

strains tested were identified as Ecc. 

E. carotovora was not detected in aerosol collections even though 

a total volxome of 6.56 x 10^ 1 of air was processed. 

Ocean water samples collected near Long Beach CA also had 

detectable E. carotovora present. Three samples averaging 1.4 1 per 

sample were processed and four Ecc strains were isolated. Aerosol 

collections totaling 1.79 x 10^ 1 of air made near Long Beach failed to 

detect E. carotovora. 

Januarv 1985. Aerosol collections, using two Anderson samplers, 

failed to detect viable E. carotovora cells. Continuous collections 

were made over a period of ca 75 hr and a total volume of 2.53 x 10^ 1 

of air was sampled. 
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Results from miscellaneous samples collected by various 

cooperators and processed by direct enrichment showed that viable E. 

carotovora could be found at other coastal locations in addition to 

those sampled on the coasts of Oregon and California. Ocean water 

collected from the south coast of Alaska (Cook Inlet, ebb tide), the 

west coast of Mexico (djrectly west of Guadalajara), the north coast of 

the Dominican Republic and the Arabian Sea all yielded E. carotovora. 

A total of 49 strains from these sources were all identified as E^. 

Two-hundred and thirty-nine Ecc strains isolated during December 

1983 and March 1984 surveys were tested serologically. Results are 

shown in Table 2. 

Data show that seven of the 11 serogroups found among Ecc strains 

isolated from rain were also found in ocean.water. Serogroup XXIX was 

the only serogroup found among strains from aerosol collections and it 

was also found in ocean and rain water. Fifteen different Ecc 

serogroups were found among strains isolated from ocean water and a 

total of 19 serogroups were found among Ecc strains from all sources. 

Serological data showed none of the Eca strains isolated belonged 

to serogroups I or XVIII, the usual serogroups found among Eca strains 

isolated from potatoes. These atypical Eca strains were also able to 

grow at 36*0 in liquid culture suggesting that they were similar to E. 

carotovora subsp. betavasculorum (75). Similar strains were isolated 

from ocean water, rain water and aerosols. 

Inland Surveys 

Precipitation, Cloud Water and Aerosols 

Results from monthly snow collections made in Colorado are shown 

in Table 3. A total of 445 samples representing 1894.1 1 of melted 
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Table 2. The distribution of Erwinia carotovora subsp. carotovora 
(Ecc) serogroups isolated from ocean water, rain water and aerosols 
on the Oregon coast during December 1983 and March 1984 surveys. 

Serogroup Number of Ecc strains in each serogroup isolated from: 
designation^ 

Ocean water Rain water Aerosols Total 

Ill 2 6 0 8 
IV 6 0 0 6 
V 1 0 0 1 
VI 0 0 0 0 

VII 1 0 0 1 
IX 0 ' 1 0 1 
XI 1 0 0 1 
XII 3 0 0 3 
XIII 0 1 0 1 
XIV 1 0 0 1 
XV 0 0 0 0 
XVI 0 r 0 0 

XVIII 0 0 0 0 
XIX 2 1 0 3 

XXVII 0 0 0 0 
XXVIII 0 1 0 1 
XXIX 15 7 3 25 
XXXI ^ 0 0 0 0 
XXXII 0 0 0 0 

XXXIII 6 3 0 9 
XXXIV 0 2 0 2 
XXXV 1 0 0 1 
XXXVI 0 0 0 0 

XXXVII 0 0 0 0 
XXXVIII 2 0 0 2 
XXXIX 0 0 0 0 

XL 0 0 0 0 
CC601 0 0 0 0 
CC602 14 13 0 27 
CC651 1 6 0 7 
CC652 9 1 0 10 

Total Assigned 65 42 3 110 
Total Tested 133 99 7 239 

^ Serogroup designations used are those of De Boer et al. (12). A 
formal serogroup designation has not yet been made for CC601, CC602, 
CC651, and CC652. 



Table 3. Presence of Erwinia carotovora in snow samples collected during different months at sites located 
in Colorado (January,1983 - May, 1986). 

Year Samples Month samples were collected: Combined 
Total 

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC (All months) 

1983 # positive^ 0 0 1 1 0 0 NC^ NC NC NC 0 0 2 
# collected^ 2 5 12 10 8 3 NC NC NC NC 15 ^ 59 
% positive 0, ,0 0. ,0 8. 3 10.0 0. ,0 0.0 NC NC NC NC 0.0 0.0 3, .4 

Total Volvune (1)^ 12, ,3 57. ,2 108. ,4 89.6 73. 6 41.9 NC NC NC NC 26.4 65.1 474, ,5 

1984 # positive 5 4 0 3 0 NC NC NC 0 1 0 0 13 
# collected 10 16 8 30 8 NC NC NC 2 4 8 6 92 
% positive 50. ,0 25. 0 0. 0 4.2 0. 0 NC NC NC 0.0 25.0 0.0 0.0 14, ,1 

Total Volvune (1) 48. ,0 92. 1 37. 2 131.3 34. 6 NC NO NC 7.8 13.6 27.1 13.3 405, ,0 

1985 # positive 0 0 0 0 2 0 NC NC 0 1 0 0 3 
# collected ' 12 14 18 29 4 6 NC NC 5 8 14 22 132 
% positive 0. 0 0. 0 0. 0 0.0 50. 0 0.0 NC NC 0.0 12.5 0.0 0.0 2. ,3 

Total Volume (1) 24. 7 48. 3 59. 5 77.3 23. 1 35.3 NC NC 15.9 28.3 38.0 64.7 415. ,1 

1986 # positive 1 0 3 0 1 NC NC NC NC NC NC NC 5 
# collected 23 33 48 44 14 NC NC NC NC NC NC NC 162 
% positive 4.3 0.0 6.3 1 0.0 7.1 NC NC NC NC NC NC NC 3. 1 

Total Volume (1) 67. 0 114. 0 191. 3 168.7 58. 5 NC NC NC NC NC NC NC 599. 5 

(continued next page) 
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Table 3 continued. 

Year Samples Month samples were collected: Combined 
Total 

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC (All months) 

Combined Total (all years) 
# positive 6 4 4 4 3 0 NC NC 0 2 ^0 0 23 
# collected 47 68 86 113 34 9 NC NC 7 12 26 43 445 
% positive 12.8 5.9 4. ,7 3.5 8.8 0.0 NC NC 0. ,0 16.7 0.0 0. ,0 . 5.2 

Volume (1) 152.0 311.6 396, ,4 466.9 189.8 77.2 NC NC 23. ,7 41.9 91.5 143, ,1 1894.1 

^ Data represent the nvunber of containers of snow collected an4 the nvunber of samples (containers) which 
yielded E. carotovora. More than one container may have been collected from a given site during each 
visit. 

Total volume processed by filtration and by direct enrichment in liters of melted snow. 

O 
NC = none collected. 
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snow were collected and processed. Data for negative checks are not 

included in the table and will be discussed later. The number of 

r 

samples collected ranged from -two (January 1983 and September 1984) to 

48 (March 1986). The total volume of melted snow processed by combined 

filtration and direct enrichment ranged from 7.8 1 in September 1984 to 

191.3 1 in March 1986. When data were combined for all years, the 

number of samples collected ranged from seven in September to 113 in 

April. An average of 44.5 samples per month were collected during the 

ten months of the year collections were possible during the course of 

the 41-month survey. The total volume of melted snow processed ranged 

from 23.7 1 in September to 466.9 1 in April. When monthly data were 

combined for each year, the number of samples collected ranged from 59 

in 1983 to 162 in 1986. The total volume of melted snow processed 

ranged from 405.0 1 in 1984 to 599.5 1 in 1986. The average volume of 

melted snow processed per sample during the 41-month survey was 4.26 1. 

Twenty-three snow samples collected during the survey yielded E. 

carotovora. This represented 5.2% of the total samples collected. The 

percentage of positive samples when all months were combined for each 

year ranged from 2.3% in 1985 to 14.1% in 1984. Combined data showed 

that the months of October and January had the highest percentage of 

Erwinia-positive snow samples. In October an average of 16.7% and in 

January an average of 12.8% of the samples were positive. Erwinia was 

never recovered from snow samples collected in June, September, 

November or December even though a total of 85 samples representing 

335.5 1 of melted snow were processed during these months. 

Sample sites from which positive snow samples were collected 
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included CAM, FTC, GOR, MTW, and REP (Table 4). The percentage of 

Erwinia-DOSitive samples ranged from 1.0% at MTW to 12.5% at GOR. 

Erwinia was not recovered from snow samples collected at BTD, FMT, FXP, 

and LVD. However, these sites were visited infrequently and 

represented only ca 5.8% of the total samples collected and only ca 

7.1% of the total sample <volume processed during the survey. 

A total of 194 E. carotovora strains were isolated from Colorado 

snow samples and characterized biochemically. Of these, 142 (73.2%) 

were Ecc and 52 (26.8%) Eca. Ecc strains were always isolated from 

snow samples during each month positive snow samples were collected 

except in February 1984 and January 1986. In February 1984, only Eca 

strains were isolated and in January 1986 no strains were saved from 

the single positive snow sample collected. The January 1986 sample was 

scored E. carotovora positive even though no strains were identified 

because characteristic Erwinia colonies developed when enrichments were 

streaked on SMP. Both Ecc and Eca strains were isolated from snow 

samples collected during January 1984. 

Data for sites from which positive snow samples were collected are 

shown in Table 4. Data showed that Ecc strains were isolated from CAM, 

FTC, GOR, and REP and Eca strains were isolated from CAM, GOR, MTW, and 

REP. FTC was the only site from which no Eca was isolated and MTW was 

the only site from which no Ecc was isolated. The Eca-positive sample 

collected at MTW in January 1984 was the only £. carotovora positive 

sample collected at this site even though a total of 104 samples were 

collected from this site over the 41-month survey. 

Serological testing data showed 39 Ecc strains (30%) of 131 tested 

were successfully placed within a defined serogroup. Seven serogroups 
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Table 4. Results of snow survey collections from different sites in 
Colorado.. 

Collection # of samples # of samples % of samples Total volume 
Site^ collected^ yielding yielding processed^ 

Erwinia Erwinia 

BTD 4 
Sr.. 

0 0.0 36.0 

CAM 87 8 9.2 393.3 

FMT 10 0 0.0 43.0 

FTC 51 2 3.9 177.7 

FXP 2 0 0.0 13.2 

GOR 48 6 12.5 244.1 

LVD 10 0 0.0 42.8 

MTW 104 1 1.0 369.1 

REP 129 6 4.7 574.8 

Combined 445 23 5.2 1894.0 

^ BTD - Berthoud Pass; CAM - Cameron Pass; FMT — Fremont Pass; FTC -
Fort Collins; FXP - Fox Park; GOR - Gore Pass; LVD - Loveland Pass; MTW 
- Mount Werner (Storm Peak Lab); REP - Rabbit Ears Pass. 

Represents the numbers of containers of snow collected. More than 
one container may have been collected from each site on each visit. 

^ Total volume in liters of melted snow processed by filtration and by 
direct enrichment. 
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were found among the snow strains tested. Serogroups XXIX, CC603, 

CC651, and XVI were most frequently found and accounted for 51%, 15%, 

10%, and 10%, respectively, of the strains identified. Serogroups 

XXVIII, XXXIV and XXXIX were also found. These accounted for 3%, 5% 

and 5%, respectively, of the strains identified. Serological testing 

of Eca strains showed =thg.t none of them belonged to serogroup I. 

None of the cloud water (rime ice) and aerosol samples collected 

at MTW (SPL) yielded E. carotovora. Cloud water samples were not 

collected when the single Erwinia-positive snow sample was collected at 

MTW in January 1984. A total of 118 cloud water samples was collected 

during 15 visits to SPL from February 1984 through April 1986. This 

represented a total of 285.6 1 of melted rime ice. Volximes collected 

during each visit ranged from 0.5 1 to 53.8 1 of melted rime. Aerosol 

samples were collected during 12 visits to SPL from January 1984 

through April 1986. A total volume of 4.9 x 10^ 1 of air was sampled. 

Prior to January 1985 8.1 x 10^ 1 of air was sampled and 4.1 x 10^ 1 

was collected after that time. Approximately 2.03 x 10^ 1 of air was 

sampled during the visit to SPL in January 1984 when the single 

positive snow sample was collected from that location. However, none 

of the aerosol samples were collected from within the cloud during this 

time since the cloud did not envelope SPL. 

Twenty-nine snow samples, representing a total volume of 111.9 1 

of melted snow were collected at sites located outside of Colorado. A 

total of 11 snow samples was collected in Oregon during December 1983, 

March 1984 and January 1985. Each sample represented an average volume 

of 5.32 1 of melted snow. One of these samples (9.1%) collected near 

Blue Mountain Pass in March 1984 had detectable populations of E. 
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carotovora present. All six strains isolated from this sample were 

identified as Ecc. Fourteen samples, each averaging 2.64 1 of melted 

snow, were collected in Utah. Two of these samples (14.3%) collected 

ca 7 days apart in March 1984 in Fish Lake National Forest yielded E. 

carotovora. All 21 strains isolated from these samples were identified 

as Ecc. Two samples were^. collected in Idaho during January 1985. An 

average of 4.58 1 of melted snow per sample was processed but no E. 

carotovora was detected. Two samples collected in Wyoming in January 

1985 and averaging 3.63 1 of melted snow per sample were also negative. 

Overall, the results of the study showed that 26 (5.2%) of the 474 

samples (445 from Colorado plus 29 from other sites outside the state) 

tested had detectable levels of carotovora present. One hundred and 

one sterile-water (negative check) samples were also assayed, in a 

manner identical to the snow samples, to determine if accidental 

contamination could account for the apparent presence of E. carotovora 

in snow. Of these, three yielded E. carotovora. However, two of these 

samples were known to have been contaminated due to improper aseptic 

techniques in the laboratory which did not affect the snow samples 

processed at the same time. In one instance, an E. carotovora-

contaminated bottle cap, from a previously-positive snow enrichment, 

was inadvertently used to cap the negative check enrichment. This 

sample subsequently yielded E. carotovora after anaerobic incubation. 

In the second instance, the negative-check sample was inadvertently 

decanted into a contaminated beaker prior to processing. Because 

definite reasons for the positive results for these checks were known, 

data for snow samples for which they served as controls were included 

in the data tables. 
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One check sample for collections made on April 23, 1986, was 

unaccoimtably Erwinia positive after processing. However, E. 

carotovora was only detected in the direct enrichment and not in the 

enrichment of the filter concentrated sample. Two of six snow samples 

collected on the same date also yielded E. carotovora. One sample 

yielded E. carotovora only after enrichment of the filter concentrated 

sample and one yielded the organism only from the direct enrichment. 

Snow samples collected on this date were omitted from the data tables 

because the source of contamination could not be determined with 

certainty. 

To test the null hypothesis (Ho) that E. carotovora is not present 

in snow and its presence in samples collected during this study was due 

to random contamination, the proportion of Erwinia-positive snow 

samples versus the proportion of Erwinia-positive check samples as 

estimated from the means of two independent non-paired samples were 

compared statistically (45). If the chance of contamination is 

independent of the sample assayed, and, therefore, sample contamination 

is a random event, it also follows that the standard deviations of the 

populations should be the same. Data for all samples assayed were 

included in the analysis except for those in which contamination was 

known not to be a random event. In these, improper aseptic techniques 

were known to have been responsible for the presence of E. carotovora 

in the check samples. 

When the data for snow samples collected (28 positive samples in 

480 samples assayed) are statistically compared with data for negative-

check samples (one positive sample in 99 samples assayed), the average 

number of snow samples which yielded E. carotovora was significantly (P 
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< 0.05) greater than the ntimber of negative-check samples which yielded 

the organism. It was possible to reject Ho since there was a 

significant difference between the two data sets. 

North Central Colorado: Surface Water and Soil 

Results of the survey for presence of E. carotovora in soil and 

surface water samples collected from the Elk and Yampa Rivers and an 

unnamed stream near the summit of Rabbit Ears Pass are shown in Table 

5. Water samples were collected 48 times from sites 17 (Elk River) and 

24 (Yampa River) and 18 times from site 55. A total volume of 690.4 1 

of water was processed. Soil samples were collected 22 times from 

sites 17 and 24 and 16 times from site 55. A total of 505 E. 

carotovora strains were isolated from water samples and all were found 

to be Ecc. A total of 56 E. carotovora strains were isolated from soil 

samples. All (100%) were identified as Ecc. A subsample of the Ecc 

strains from these sources were characterized further using serological 

tests (Table 6). 

A total volume of 249.9 1 of water was processed from the Elk 

River. E. carotovora was recovered from 87.5% of the water samples 

collected. Filter concentration of water was required to detect 

Erwinia in 54.2% of the samples; however, in 33.3% of the samples the 

organism was found when 50 ml subsamples were enriched directly without 

filtration. Of 170 E. carotovora strains characterized, all were found 

to be Ecc• Results of soil assays from the Elk River site show that E 

carotovora was isolated from 22.3% of the soil samples. All 23 strains 

isolated from the soil were identified Ecc. 

Data for the Yampa River show that E. carotovora was recovered 

from 97.9% of the water samples. Filter concentration was required to 
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Table 5. Presence of Erwinia carotovora in mountain stream water and 
nearby soil in collections made at specific sites on the Elk and Yampa 
Rivers and an unnamed stream (collection site #55). 

Collection E. carotovora presence in^ 
Date 

Water Soil 

Elk^ Yampa*^ #55^ Elk^ Yampa'^ #5 

May 2, 1983 1^ 1 NC 3 3 NC 
May 19, 1983 1 2 NC 0 3 NC 
Jun 17, 1983 2 2 NC NC NC NC 
Jul 7, 1983 1 2 0 NC NC NC 
Aug 8, 1983 2 2 1 1 1 0 
Sep 9, 1983 2 2 0 0 0 0 
Oct 10, 1983 2 2 0 0 0 0 
Nov 2, 1983 1 0 0 0 0 0 
Dec 30, 1983 1 1 NC NC NC NC 

Jan 11, 1984 1 2 NC-" NC NC NC 
Feb 7, 1984 1 2 NC NC NC NC 
Mar 1, 1984 1 2 NC NC NC NC 
Apr 10, 198.4 1 1 NC NC NC NC 
May 4, 1984 1 2 NC NC NC NC 
Jun 2, 1984 0 2 NC 0 0 NC 
Jul 9, 1984 0 2 0 0 0 0 
Aug 8, 1984 2 2 NC 0 0 0 
Sep 9, 1984 2 2 0 0 0 1 
Oct 26, 1984 1 2 NC NC NC NC 
Nov 6, 1984 2 2 NC NC NC NC 
Dec 4, 1984 1 2 NC NC NC NC 

Jan 24, 1985 1 1 NC NC NC NC 
Feb 12, 1985 0 1 NC NC NC NC 
Mar 8, 1985 1 1 NC NC NC NC 
Apr 9, 1985 1 2 NC NC NC NC 
May 7, 1985 1 1 NC NC NC NC 
Jun 5, 1985 0 2 0 0 0 2 
Jul 9, 1985 2 2 2 1 0 0 
Aug 9, 1985 2 2 1 0 0 0 
Aug 27, 1985 2 2 2 0 0 0 
Sep 10, 1985 2 2 0 0 0 0 
Sep 24, 1985 2 2 1 0 0 0 
Oct 3, 1985 1 2 0 1 0 3 
Oct 21, 1985 2 2 1 2 0 NC 
Nov 16, 1985 1 2 NC NC NC NC 
Dec 2, 1985 0 2 NC NC NC NC 
Dec 14, 1985 NC 1 NC NC NC NC 
Dec 31, 1985 2 2 NC NC NC NC 

(continued next page) 
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Table 5 (continued). 

Collection E. carotovora prsence in ̂  
Date 

Water Soil 

Elk^ Yampa^ #55<i Elk^ Yampa'^ #55^ 

Jan 27, 1986 la 2 NC NC NC NC 
Feb 3, 1986 1 2 NC NC NC NC 
Feb 24, 1986 NC NC NC NC NC 
Mar 5, 1986 1 1 NC NC NC NC 
Mar 25, 1986 1 1 NC NC NC NC 
Apr 9, 1986 1 2 NC NC NC NC 
Apr 28, 1986 1 1 NC NC NC NC 
May 7, 1986 1 1 NC - 0 0 NC 
May 27, 1986 0 1 NC 0 0 NC 
Jun 4, 1986 1 2 0 0 0 0 
Jun 30, 1986 2 2 2 0 0 0 

^ Codes for assay results are: 0 — E. carotovora not recovered; 1 - E. 
carotovora recovered by filter concentration followed by enrichment; 2 
- E. carotovora recovered by filter concentration followed by 
enrichment and also by direct enrichment of 50 ml subsamples; 3 - E. 
carotovora not recovered by filter concentration followed by enrichment 
but was recovered by direct enrichment of 50 ml subsamples; NC - sample 
not collected. 

^ Elk River collection site was located six miles northeast of Clark, 
CO. 

Yampa River collection site was located at Yampa, CO. 

^ Site 55 was located near the summit of Rabbit Ears Pass, 20 miles 
southeast of Steamboat Springs, CO. 
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Table 6. Presence of Erwinia carotovora subsp. carotovora (Ecc) 
serogroups from mountain stream water and nearby soil in collections 
made at specific sites on the Elk and Yampa Rivers and an unnamed 
stream (collection sitg #55). 

Serogroup Ntimber of Ecc strains assigned to each serogroup for 
designation^ each sample type and collection site^ 

Water Soil 
Elk Yampa #55 Total Elk Yampa #55 Total 

Ill 9 5 0 14 0 0 0 0 
IV 3 14 0 17 4 0 0 4 
V 2 14 2 18 0 0 4 4 

VI 0 0 0 0 0 0 0 0 
VII 0 1 0 1 1 1 0 2 
XI 0 0 0 0 0 0 0 0 
XII 2 0 0 2 0 0 0 0 
XIV 0 1 0 1 0 0 0 0 
XV 0 25 0 25 0 0 0 0 
XVI 11 6 0 17 0 0 0 0 

XVIII 0 3 0 3 0 0 0 0 
XXVII 0 0 0 0 0 0 0 0 
XXVIII 0 1 0 1 1 0 0 1 
XXIX 7 2 0 9 0 0 0 0 
XXXI 0 1 0 1 0 0 0 0 

XXXII 0 0 0 0 0 0 0 0 
XXXIII 2 0 0 2 0 0 0 0 
XXXIV 0 0 0 0 0 0 0 0 
XXXV 4 4 0 8 0 0 0 0 
XXXVI 0 0 0 0 0 0 0 0 
XXXVII 0 0 0 0 0 0 0 0 

XXXVIII 0 0 0 0 0 0 0 0 
XXXIX 0 0 0 0 0 0 0 0 

XL 0 0 0 0 0 0 0 0 
CC601 3 0 0 3 0 0 0 0 
CC602 2 11 0 13 0 0 0 0 
CC603 1 1 0 2 0 0 0 0 
CC651 3 2 0 5 0 0 0 0 
CC652 0 0 0 0 0 0 0 0 

Total Assigned 49 91 2 142 6 1 4 11 
Tptal Tested 110 170 15 295 10 8 6 24 

^ Serogroup designations are those of De Boer et al. (12). A formal 
serogroup designation has not yet been made for CC601, CC602, CC603, 
CC651 and CC652. 

O 
Data represent totals for the entire survey period. 
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detect the organism in 27.1% of the samples but 70.8% of the samples 

yielded E. carotovora from both the direct enrichment and filter 

concentrated samples. All 309 E. carotovora strains isolated were Ecc. 

Results of soil assays from the Yampa River site show that E. 

carotovora was recovered from 13.6% of the soil samples. All 19 

strains were identified sg Ecc. 

Water samples collected from site 55 yielded E. carotovora 50.0% 

of the time. Data in Table 5 show that site 55 was generally sampled 

only during the summer and early fall due to inaccessibility during 

winter and spring. Results show that 22.2% of the samples required 

filter concentration of cells in order to detect E. carotovora and that 
s*> 

it was possible to detect the organism by direct enrichment of 50 ml 

subsamples in 27.8% of the samples. Results of soil assays from this 

site show that of 16 samples collected, 18.8% yielded E. carotovora. 

Fourteen E. carotovora strains were isolated and all were identified as 

Ecc. 

Results of serological tests are shown in Table 6. A total of 295 

strains from water and 24 from soil samples were tested serologically. 

Strains to be tested were subcultured from strains that were purified, 

identified and stored at 4°C. Of the 295 strains isolated from water, 

153 (51.9%) did not show serological reactions which matched any of the 

homologues listed in Table 6. Therefore, it was not possible to place 

these strains into known serogroups. Approximately 54.2% of the 

strains isolated from soil could not be placed into specific 

serogroups. Serological test results for strains which were 

successfully placed into serogroups show that the Ecc strains recovered 

from water were serologically more diverse than those recovered from 
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soil. Additionally, all serogroups isolated from soil were also found 

in water. The four serogroups most commonly isolated from water were 

XV (8.5%), V (6.1%), IV (5.8%) and XVI (5.8%) and the four most common 

from soil were IV (16.7%), V (16.7%), VII (8.3%) and XXVIII (4.2%). 

Serogroups VII and XXVIII found in soil were also isolated from water, 

but each represented only5.0.3% of the water strains tested. 

A total of 110 Ecc water strains and 10 soil strains, were tested 

from the Elk River location. Of these, 61 strains (55.5%) from water 

and four (40.4%) from soil could not be placed into a specific 

serogroup (Table 6). The two most common serogroups recovered from Elk 

river water were XVI (10.0%) and III (8.2%). Three serogroups were 
- ̂  

isolated from soil. Of these, only serogroups VII and XXVII were not 

found in the Elk River water. They were, however, found in Yampa River 

water. 

Yampa River data show that 170 Ecc water and eight soil strains 

were serologically tested. Of these 79 (46.5%) from water and seven 

(87.5%) from soil could not be placed into a specific serogroup (Table 

6). The three serogroups most commonly isolated from water were XV 

(14.7%), IV (8.2%) and V (8.2%). The single identifiable serogroup 

isolated from soil (serogroup VII) was also isolated from water but 

represented only 0.3% of the serogroups found in the water. 

A total of 15 Ecc water strains and six soil strains from site 55 

were tested serologically. Thirteen (86.7%) water strains and two soil 

strains (33.3%) could not be placed into a serogroup. Only serogroup V 

was found at this site. It was isolated from both water and soil. 
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South Central and Eastern Colorado: Flowing Surface Water 

Statistical analysis of quantitative data on estimated E. 
r 

carotovora populations, determined by direct spread plating water 

samples, showed that there was a significant site X season interaction 

for the ARK (sites 22, 56 and 21) (P - 0.003) and the SPR (sites 2, 4 

and 6) (P — 0.024) but not-for the RGR (sites 1, 3 and 5) (P - 0.619). 

These results show that in the ARK and SPR, although average 

populations differed among sites, the magnitude of the differences was 

influenced by season. The relationships between site and season and 

their respective population means for the ARK and the SPR are shown in 

Figures 2 and 3. 

1. carotovora was never detected by spread plating water from ARK 

site 22 during any season or from ARK site 56 during seasons 1 and 3. 

Average seasonal population estimates for this stream, when all sites 

were combined, were 0.03, 5.32 and 1.85 cfu/ml for seasons 1, 2 and 3, 

respectively. The population estimates for sites averaged over all 

seasons were 0.00 (undetected), 0.69 and 7.04 cfu/ml for sites 22, 56 

and 21, respectively. 

Calculated least significant differences (LSD) values. (73) for ARK 

sites, adjusted for the number of observations in each mean being 

compared, showed that population means did not differ significantly 

among sites during season 1 (January-April collections) (P > 0.05). 

However, site means differed significantly (P < 0.01) during season 2 

(May-August collections) and season 3 (September-December collections). 

Means for season 2 were 0.00, 1,67 and 14.31 cfu/ml for sites 22, 56 

and 21, respectively, and all differed significantly from each other (P 

< 0.01). Means for season 3 were 0.00 cfu/ml for sites 22 and 56 and 



Y=AVERAGE CFU/ML 

X=SEASON 

SITE 22 SITE 56 SITE 21 

Figure 2. The relationship of Erwinia carotovora populations (cfu/ml) measured in the Arkansas 
River at three sites during three seasons. 



Y=AVERAGE CFU/ML 

X=SEASON 

SITE 2 —SITE 4 SITE 6 
Figure 3. The relationship of Erwinia carotovora populations (cfu/ml) measured in the South 
Platte River at three sites during three seasons. 
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4.84 cfu/ml for site 21. The mean for site 21 differed significantly 

from sites 22 and 56 during this season. 

Data for SPR showed that no E, carotovora cfu's were detected by 

spread plating water from site 2 during seasons 1 and 3 or from site 6 

during season 1. Average seasonal population estimates, for all sites 

combined, were 0.14, 26.QJ and 2.4^ cfu/ml for seasons 1, 2 and 3, 

respectively. Average population estimates, for sites averaged over 

all seasons, were 0.11, 24.11 and 14.33 cfu/ml for sites 2. 4 and 6, 

respectively. 

Calculated LSD values for means for the SPR sites show that means 

did not differ significantly in season 1 (P > 0.05). However, means 

did differ significantly in seasons 2 and 3 (P < 0.01). Means for 

season 2 were 0,24, 49.05 and 4.38 cfu/ml for sites 2, 4 and 6, 

respectively and all differed significantly from each other (P < 0.01). 

Means for season 3 were 0.00. 28.93 and 2.92 cfu/ml for sites 2, 4 and 

6, respectively, and all differed significantly from each other (P < 

0.01). 

Data for RGR showed that no E. carotovora was detected by spread 

plating water samples collected at sites 1 or 3 during seasons 1 and 3. 

Seasonal populations averaged over all sites were 1.30, 0.44 and 0.83 

cfu/ml, respectively, for seasons 1, 2 and 3, respectively. Seasonal 

population estimates did not differ significantly (P - 0.562). Average 

population estimates, averaged over all seasons, were 0.00, 0.06 and 

2.29 cfu/ml for sites 1, 3 and 5, respectively. Population estimates 

differed significantly among sites (P - 0.005) and calculated LSD 

values showed that average populations measured at sites 1 and 3 did 

not differ significantly (P > 0.05) and that the average population at 
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site 5 was significantly greater than those at sites 1 and 3 (P < 

0.01). 

Although E. carotovora populations were sometimes too low to 

measure by spread plating water samples (quantitative data), anaerobic 

enrichment results (qualitative data) showed that water from all sites 

on all rivers (5 sites/riyer), except RGR site 1, had E. carotovora 

present during each season. Data showed RGR site 1 yielded E. 

carotovora only during season 2 from the sample collected during August 

1984. 

All £. carotovora subspecies recovered during water survey study 

are shown in Table 7. Data show the total numbers of strains recovered 
* ̂  

by both quantitative and qualitative assays. 

Data show that 1,883 strains were identified from river water and 

that 1,866 (99.1%) were Ecc and 17 (0.9%) Eca. Most Eca strains (12 

total) were isolated from water samples collected at RGR sites 3 and 5. 

Eca strains were also isolated from ARK sites 2, 20 and 21 and SPR site 

3. Water samples from all sites yielded at least one Ecc strain during 

the period of time represented by the study. 

Data for Ecc serogroups recovered from ARK sites are shown in 

Table 8. Seventeen serogroups were recovered during the survey and at 

least two strains were serologically identified from each site. Of 222 

strains tested from all sites, 82 (36.9%) were successfully placed into 

a specific serogroup. Two of six Ecc strains isolated from water 

collected at site 22 were placed into serogroup XXXI. This serogroup 

was not found among the strains tested from downstream sites. However, 

strains belonging to serogroups III, V, XV, XVIII, XXIX, and CC651 were 

recovered from site 2 and from all sites downstream from this location 
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Table 7. Presence of Erwinia carotovora in water samples collected at 
different sites on three flowing streams in Colorado. 

River^ Site E. carotovora subspecies recovered^ 
sampled^ 

Ecc 
# 

Ecc 
% 

Eca 
# 

Eca 
% 

ARK 22 134 100 0 0 
2 117 99.2 1 0.8 

56 319 100 0 0 
20 106 99.1 1 0.9 
21 432 99.8 1 0.2 
Total 987 99.7 3 0.3 

SPR 1 1 100 0 0 
2 119 100 0 0 
3 52 96.3 2 0.7 
4 171 100 0 0 
6 Ylh 100 0 0 
Total 517 99.6 2 0.4 

RGR 1 58 100 0 0 
2 43 43 0 0 
3 71 95.9 3 4.1 
4 62 100 0 0 
5 128 93.4 9 6.6 

Total 362 96.8 12 3.2 

Combined Total 1866 99.1 17 0.9 

^ River designations used were; ARK - Arkansas River, SPR = South 
Platte River and RGR — Rio Grande River. 

Sites for each river are listed in order (top to bottom) starting 
with collection sites located near the head of the river in remote 
mountainous regions to regions of intensive agricultural activity. All 
sites were located in Colorado. For specific site locations, see text. 

Subspecies designations used for £. carotovora strains recovered 
were; Ecc = E. carotovora subsp. carotovora and Eca =• E. carotovora 
subp. atroseptica. 

^ Data represent totals for the entire survey period. 
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Table 8. Erwinia carotovora subsp. carotovora (Ecc) serogroups 
isolated from five sample sites on the Arkansas River. 

Serogroup Site sampled and the number of Ecc strains 
designation^ assigned to each serogroup^ 

22 2 56 20 21 Total 

Ill 0 2 5 2 1 10 
IV 0 0 1 0 0 1 
V 0 2 5 3 1 11 
VI 0 0 0 0 0 0 
VII 0 0 0 2 5 7 
XI 0 0 0 0 1 1 
XIV 0 0 0 1 0 1 
XV 0 2 2 0 0 4 
XVI 0 0 0 0 1 1 

XVIII 0 3 3 1 1 8 
XXVII 0 0 0 0 0 0 

XXVIII 0 0 0 1 0 1 
XXIX 0 3 1 4 2 10 
XXXI 2 0 0 0 0 2 

XXXII 0 0 0 0 0 0 
XXXIII 0 0 0 0 0 0 
XXXIV 0 4 1 0 0 5 
XXXV 0 0 0 0 0 0 

XXXVI 0 0 0 1, 0 1 
XXXVII 0 0 0 0 0 0 

XXXVIII 0 0 0 0 0 0 
XXXIX 0 0 0 0 0 0 

XL 0 1 0 0 0 1 
CC601 0 0 0 0 0 0 
CC602 0 4 4 0 1 9 
CC651 0 1 4 3 1 9 
CC652 0 0 0 0 0 0 

Total Assigned 2 22 26 18 14 82 
Total Tested 6 51 57 47 61 222 

Serogroup designations used are those of De Boer et al. (12). A 
formal serogroup designation has not yet been made for CC601, CC602, 
CC651, and CC652. 

Sites are listed in order (left to right) for collections made from 
remote mountainous regions to regions of intensive agricultural 
activity. See text for specific site locations. 

O 
Data represent totals for the entire 37-month period. 



75 

(sites 56, 20 and 21). Strains belonging to serogroup CC602 were found 

at sites 2. 56 and 21 but not at site 20. 

Data for Ecc serogroups isolated from SPR sites are shown in Table 

9. Thirty-four (39.5%) of the 86 strains isolated during the study and 

tested serologically were assigned to 10 serogroups. Both serogroups 

(V and CC602) isolated from site 1 were also isolated from the site 

farthest downstream (site 6). Serogroups (XXXIV and CC651) were 

isolated from three of the six sites on the river. Serogroup CC602 was 

the only serogroup recovered from four of the six sites. Strains 

belonging to serogroup CC602 accounted for 38% of the SPR strains 

assigned to serogroups. 

Data for Ecc serogroups recovered from RGR sites (Table 10) show 

that thirteen serogroups were isolated during the study and that 53 

(64.6%) of the strains tested were placed into a serogroup. Serogroups 

III, V, VII, XXVII, XXIX, GG602, and CG651 were isolated from site 1 

and all of these except serogroups XXVII and XXIX were isolated from 

sites located downstream. Serogroups III, V, XXXIV, CC602, and CC651 

were isolated from three or more sites on the river. Strains belonging 

to serogroup CC651 were isolated from all sites during the course of 

the study. 

Effect of Contananated Irrigation Water on Potato Production 

Effect of InoculxJM Concentration on Disease Incidence 

The target and average actual populations applied to plants in 

field plots during 1985, 1986 and 1987 studies are shown in Table 11. 

Actual £. carotovora populations were generally higher than target 

populations except in 1985 for treatments applied to the plot at 
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Table 9. Erwinia carotovora subsp. carotovora (Ecc) serogroups 
isolated from five sites on the South Platte River. 

Serogroup Site sampled and the ntunber of Ecc strains 
designation^ assigned to each serogroup^ 

1 2 3 4 6 Total 

Ill 0 0 0 2 1 3 
IV 0 0 0 0 0 0 
V 1 0 0 0 1 2 
VI 0 0 0 0 0 0 

VII 0 0 0 0 0 0 
XI 0 0 0 0 0 0 

XIV 0 0 0 0 0 0 
XV 0 0 0 0 0 0 
XVI 0 0 0 0 0 0 

XVIII 0 0 0 0 0 0 
XXVII 0 0 0 1 1 

XXVIII 0 1 0 2 0 3 
XXIX 0 2 0 1 0 3 
XXXI 0 0 0 1 0 1 
XXXII 0 0 0 0 0 0 
XXXIII 0 0 0 1 0 1 
XXXIV 0 1 0 2 1 4 
XXXV 0 0 0 0 0 0 

XXXVI 0 0 0 0 0 0 
XXXVII 0 0 0 0 0 0 

XXXVIII 0 0 0 0 0 0 
XXXIX 0 0 0 0 0 0 

XL 0 0 0 0 0 0 
CC601 0 0 0 0 0 0 
CC602 1 7 3 0 ' 2 13 
CC651 0 0 1 1 1 3 
CC652 0 0 0 0 0 0 

Total Assigned 2 11 4 10 7 34 
Total Tested 2 22 13 27 22 86 

^ Serogroup designations used are those of-De Boer et al. (12). A 
formal serogroup designation has not yet been made for CC601, CC602, 
CC651, and CC652. 

O 
Sites are listed in order (left to right) for collections made from 

remote mountainous regions to regions of intensive agricultural 
activity. See text for specific site locations. 

O 
Data represent totals for the entire 14-month survey period. 
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Table 10. Erwinia carotovora subsp. carotovora (Ecc) serogroups 
isolated from five sites on the Rio Grande River. 

Serogroup Site sampled and the number of Ecc strains 
designation^ assigned to each serogroup^ 

1 2 3 4 5 Total 

Ill 2 0 0 1 1 4 
IV 0 0 0 0 0 0 
V 1 0 3 0 1 5 
VI 0 0 0 0 0 0 
VII 2 0 0 1 0 3 
XI 0 0 0 0 a 0 
XIV 0 0 0 0 0 0 
XV 0 0 0 0 0 0 
XVI 0 0 0 0 0 0 

XVIII 0 0 0 0 1 1 
XXVII 1 0 0 0 1 
XXVIII 0 0 0 0 1 1 
XXIX 1 0 0 0 0 1 
XXXI 0 0 0 0 0 0 
XXXII 0 0 0 0 0 0 

XXXIII 0 0 1 0 0 1 
XXXIV 0 0 2 2 2 6 
XXXV 0 0 0 0 1 1 

XXXVI 0 0 0 0 1 1 
XXXVII 0 0 0 0 0 0 

XXXVIII 0 0 0 0 0 0 
XXXIX 0 0 0 0 0 0 

XL 0 0 0 0 0 0 
CC601 0 0 0 0 0 0 
CC602 1 0 2 3 4 10 
CC651 7 5 2 2 2 18 
CC652 0 0 0 0 0 0 

Total Assigned 15 5 10 9 14 53 
Total Tested 17 7 20 13 25 82 

^ Serogroup designations used are those of De Boer et al. (12). A 
formal serogroup designation has not yet been made for CC601, CC602, 
CC651, and CC652. 

2 Sites are listed in order (left to right) for collections made from 
remote mountainous regions to regions of intensive agricultural 
activity. See text for specific site locations. 

^ Data represent totals for the entire 14-month survey period. 
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Table 11. Erwinia carotovora subspecies and Inoculum levels applied to 
Erwinia-free potato plants via irrigation water. 

Y e a r L o c a t i o n T r e a t m e n t E .  carotovora^ E. carotovora^" 
number populations subspecies 

(cfu/ml) present 

Target Actual 

1985 Fort Collins .. 1 0 7.3 ECC3 
2 100 150 Ecc''̂  
3 . 1,000 1,500 Ecc^ 
4 10,000 15,000 Ecc^ 

1985 Center 1 0 0.7 Ecc^ 
2 100 60 Ecc^ 
3 1,000 600 Ecc^ 
4 10,000 6,000 Ecc^ 

1986 Fort Collins 1 0 7.3 Ecc^ 
2 200- 560 Eca^ 
3 2,000 5,600 Eca^ 
4 20,000 56,000 Eca^ 

1986 Center 1 0 0.7 Ecc3 
• 2 200 560 Eca^ 

3 2,000 5,600 Eca^ 
4 20,000 56,000 Eca^ 

1987 Center 1 0 0.7 Ecc^ 
2 100 190 Ecc 
3 1,000 3,400 Ecc 
4 10,000 27,000 Ecc 

Irrigation water (1.5 1/plant) was Infested with suspensions of E. 
carotovora cells to achieve the "target" population. The "actual" 
population represents the estimate of inoculum levels actually applied. 
Estimates were made by plating serial dilutions on semi-selective 
differential media. 

2 Ecc - E. carotovora subsp. carotovora: Eca =• E. carotovora subsp. 
atroseptica. 

Population estimates were made in 1985 and represent E. carotovora 
naturally present in the irrigation water prior to adding inoculum. 

^ Ecc serogroup XXIX was added to irrigation water. 

^ Eca non-serogroup I snow strain plus Eca serogroup I blackleg strain 
applied in an estimated ratio of 0.749:1.000 (target ratio was 1:1), 
respectively. 
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Center. Assays of irrigation water prior to addition of inoculiom 

(i.e., treatment 1) showed that low E. carotovora populations were 

present in the water. Characterization of strains isolated from 

treatment 1 irrigation water showed that Ecc predominated although Eca 

strains were infrequently isolated. 

Only one plant in thf field plots developed blackleg symptoms 

during the three year study. This plant was found in treatment 2 at 

Center in 1986. Eca Inoculum had been applied to that plant at a 

target population of 2 x 10^ cfu/ml. The E. carotovora strain Isolated 

from the infected plant was characterized as an Eca non-serogroup I 

(NID) and was indistinguishable from the snow strain of Eca which had 

been added to the irrigation water. 

Data analysis showed that there was a highly significant (P < 

0.0005) linear relationship (linear trend) between latent (symptomless) 

stem infections and Inoculum level in the water in all three years. 

There was also a significant (P < 0.05) location X treatment 

interaction in data collected during 1985 and 1986. An Interaction was 

not possible during 1987 since only one location was studied. Because 

the P-value associated with the location X treatment Interaction was 

much greater, and, therefore, less significant than that associated 

with the linear trend, a single regression line was calculated and used 

in the figures showing data for each year. The regression lines for 

years in which Ecc (serogroup XXIX) inoculvun was applied (1985 and 

1987) are shown in Figure 4. The equations used to calculate the 

regression lines showing the relationship between the percentage of 

stems latently infected (Y) and the treatment level (X) for 1985 and 

1987, respectively, were: 



Y=% STEMS LATENTLY INFECTED 

X=TREATMENT # 

• 1986-FTC + 198e-CTR 1985-PRED 

° 1987-CTR 1987-PRED 

Figure 4. The relationship between percentage of potato stems latently infected with Erwinia 
carotovora and treatment number. Plots were inoculated with water infested with Ecc (serogroup 
XXIX) inoculum. Codes are FTC = Fort Collins, CO; CTR = Center, CO; PRED = predicted values 
for the regression line (P < 0.05). 
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Y - (17.95)*(X) - 12.67 

and 

Y - (14.38)*(X) - 10.47. 

Data showing the relationship between the proportion of stems latently 

infected and treatment level when Eca was used to contaminate 

irrigation water in 1986_^^re shown in Figure 5. The equation for the 

regression line in this case was: 

Y - (10.98)*(X) + 4.63. 

None of the E. carotovora strains isolated from latently infected 

stems were identified during 1985 and 1987 studies. In 1986, 19 

strains were identified from treatment 1 (not inoculated); eight of 
'ii3» 

them were found to be Ecc and 11 Eca. Serological tests showed that of 

nine Eca strains tested, one serogroup I and eight non-serogroup I 

(NID) strains were present. Data for strains isolated from Eca-

inoculated plots in 1986 (treatments 2, 3 and 4) show that of 81 

strains identified, seven were Ecc and 74 Eca. Serological tests of 

Eca strains showed that nine serogroup I strains and 48 non-serogroup I 

(NID) strains were present in the population tested. 

Data showing the relationship between sjnnptomless infested tubers 

harvested from field plots and levels of inoculum in irrigation water 

for 1985 and 1986 are shown in Figure 6. Data were not collected in 

1987. Data for 1985 and 1986 show that there were significant 

differences among treatments (P - 0.011 and P < 0.0005, respectively). 

The location X treatment interaction was not significant (P > 0.05). 

Equations for the regression lines showing the relationship between the 

percentage of tuber groups infested (Y) and inoculvun level for 1985 and 

1986, respectively, were: 



Y=% STEMS LATENTLY INFECTED 
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X=TREATMENT # 

1986-FTC + 1986-CTR ^ 1986-PRED 

Figure 5. The relationship between percentage of potato stems latently infected with Erwinia 
carotovora and treatment number. Plots were inoculated with water infested with Eca inoculum. 
Codes are: FTC = Fort Collins, CO; CTR = Center, CO; PRED = predicted values for the 
regression line (P < 0.05). 



Y=% TUBER GROUPS INFESTED 

X=TREATMENT # 

• t985-ACT -+-1985-PRED * 1986-ACT -B-1986-PRED 

Figure 6. The relationship between percentage of tuber groups infested with Erwinia carotovora 
and treatment number. Plots were inoculated with water infested with Ecc in 1985 and with Eca 
inoculum in 1986. Codes are: ACT = treatment means for actual data; PRED = predicted values 
for the regression line (P < 0.05). 
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Y - (8.75)*(X) + 1.56 

and 

Y - (9.36)*(X) - 8.47. 

No strains isolated from symptomless tubers were identified in 

1985 and none were isolated from tubers harvested from plots which 

received non-Infested water (treatment 1) in 1986. A total of 65 

strains isolated from tubers from treatments 2, 3 and 4 in 1986 were 

identified. Of these, eight were Ecc and 57 were Eca. Serological 

tests of the Eca strains showed that 31 belonged to non-serogroup I 

(NID) and 16 to serogroup I. 

No significant differences were found among treatment means from 
- ̂  

tuber-wrapping data from the 1985 and 1986 field studies. Combined 

data from the 1985 studies at Fort Collins and Center showed that one 

rot pocket which developed on wrapped tubers harvested from treatment 

1 and 11 pockets from tubers harvested from treatments 2, 3 and 4 had 

E. carotovora present. A total of three rot pocket strains were 

identified. All were found to be Ecc. When Eca was applied in the 

Irrigation water in the 1986 field study wrapped daughter tubers from 

treatments 2, 3 and 4 from the plots at Center, CO had a total of eight 

E. carotovora-containing rot pockets. All eight strains tested were 

identified as Eca. The strains were not tested serologically. None of 

the tubers harvested from plots which received non infested water 

(treatment 1) developed rot pockets from which E. carotovora was 

isolated. Tubers harvested from field plots at Fort Collins were not 

tested in 1986. 
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Effect of Naturally Occurring Erwinia Strains on Disease Incidence 

JE. carotovora was not recovered from rot pockets or tubers that 

had been predisposed to soft-rot decay by wrapping. All other data are 

shown in Tables 12 and 13. Data for water inoculxom concentrations show 

that the natural irrigation (check), water contained approximately 7.2 

and 0.7 cfu/ml for the Fprt Collins and Center field plot locations, ' 

respectively. Characterization of strains recovered from Irrigation 

water showed that Ecc predominated. The inoculum concentrations 

applied for the remaining seven treatments at each location ranged from 

6.3 X 10^ to 1.7 X 10^ cfu/ml for the Ecc snow strain and Eca blackleg 

strain, respectively. 

Data on blackleg sjrmptom development (Table 12) show that none of 

the plants developed symptoms at Fort Collins. However, typical 

blackleg symptoms developed in blocks located at Center when Eca 

aerosol, Eca snow and Eca blackleg strains were applied in irrigation 

water. Identification of strains Isolated from infected plants with 

blackleg symptoms showed that only Eca was Isolated from diseased stem 

tissue and that serological reactions of the strains Isolated were the 

same as those for the strains applied in the irrigation water. The Eca 

rain strain and all Ecc strains applied in the irrigation water failed 

to produce blackleg symptoms in any plants. 

Data for latent (symptomless) stem Infections (Table 12) show that 

all treatments including the negative check had detectable numbers of 

E. carotovora cells present within potato stems. The location average 

for all treatments was 31.7% and 45.0% for Fort Collins and Center, 

respectively. For blocks located in Fort Collins, the average 

incidence of latent Infection ranged from 5% for the Eca blackleg and 



Table 12. Effect of Erwinia-contaminated irrigation water on infection of potato stems at two locations in 
Colorado. Seven E. carotovora strains were tested. 

Location Inoculum Cultivar Blackleg Symptom Development Latent Stem Infection^ 
and concen- inoculated^ Percent Strains recovered Percent Strains recovered 
inoculum tration^ infected Eca infected Eca 
applied Logj^g cfu/ml #Ecc #Eca serogroup^ #Ecc #Eca serogroup^ 

Fort Collins 

Check 0 00
 

CR 0.0 .6 _ 0 . 
NR 0.0 - - 50 2 
RB 0.0 - 0 
SA 0.0 - 0 -

Average 0.0 12, ,5 

Aerosol Ecc 6, 

o
 

o
 CR 0.0 - _ 50 1 

NR 0.0 - - 75 3 
RB 0.0 - - 100 5 
SA 0.0 - - 100 4 

Average 0.0 81. 3 

Rain Ecc 6. 06 CR 0.0 - _ 33 1 
NR 0.0 - - 20 1 
RB 0.0 - - 20 1 
SA 0.0 - - 0 -

Average 0.0 18. 3 

Continued next page 



Table 12 continued. 

Location 
and 
inocultun 
applied^ 

Inoculum 
concen-
tration^ 

Logio cfu/ml 

Cultivar 
inoculated^ 

Blackleg Svmptom Development 
Percent Strains recovered 
infected 

#Ecc #Eca 
Eca 

serogroup-

Latent Stem Infection^ 
Percent Strains recovered 
infected Eca 

#Ecc #Eca serogroup-

Snow Ecc 5.80 CR 
NR 
RB 
SA 

0.0 
0 . 0  
0 . 0  
0 . 0  

0 
20 
0 
0 

Average 0.0 5.0 

Aerosol Eca 6.14 CR 
NR 
RB 
SA 

0.0 
0.0 
0.0 
0.0 

50 
50 
50 
0 

1 
1 
2 

IXNR 
IXNR 
2XNR 

Average 0.0 37.5 

Rain Eca 5.84 CR 
NR 
RB 
SA 

0.0 
0.0 
0.0 
0.0 

0 
20 
40 
0 

1 
2 

IXNR 
2XNR 

Average 0.0 15.0 

Continued next page 



Table 12 continued. 

Location Inoculum Cultivar Blackleg Svmptom Development Latent Stem Infection^ 
and concen- inoculated^ Percent Strains recovered Percent Strains recovered 
inoculum tration^ infected £ca infected Eca 
applied LoglO cfu/ml #Ecc #Eca serogroup^ #Ecc #Eca serogroup^ 

Snow Eca 5.92 CR 0.0 .6 100 '• - 2 2NXID 
(NID) NR 0.0 - 80 4 4XNID 

RB 0.0 - 60 2 2XNID 
SA 0.0 - 75 3 3XNID 

Average 0.0 78.8 

Blackleg 6.22 CR 0.0 
i 

0 . . 
Eca (SKI) NR 0.0 - 0 - -

RB 0.0 - 20 1 - -

SA 0.0 - 0 - -

Average 0.0 5.0 
Location Averge 0.0 31.7 

Center 

Check 15 CR 0 ,0 33 1 
NR 0. .0 0 
RB 0. .0 0 _ 

SA 0, .0 0 . 

Average 0.0 8.3 
Continued next page 


