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CHAPTER I 

INTRODUCTION 

The phytopathogen Pseudomonas syringae causes many important diseases on a 

wide variety of host plants. The original strain was isolated from diseased lilac 

(Syringa wlgaris) by van Hall in 1902 (173). Over the following decades, pathogenic 

bacteria with similar characteristics to f. syringae, but differing in traits such as host 

range, symptoms produced, and nutrient utilization patterns, were isolated from 

several plant species. Although these bacteria were originally assigned as new 

species, the overall similarity of the group resulted in all individual species being 

lumped into f. syringae (71). However, phytobacteriologists needed to effectively 

distinguish these different f. syringae "species", and the term "pathovar" or 

pathological· variant was proposed as a subspecies designation (7 4). Genetic 

relationships between pathovars are becoming better understood, and in some cases, 

individual pathovars may be distantly-related enough to warrant separate species 

designations ( 67). 

f. syringae pv. syringae is a wide-host-range phytopathogen (25), an important 

epiphyte or phylloplane resident (98), and an active ice nucleus at temperatures 

slightly below freezing (138). f. syringae pv. syringae is the causal agent of several 

important diseases on woody hosts including bacterial canker of stone fruits 
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(103,184), blossom blast of pear (148,233), blister bark of apple (94), and tip dieback 

of ornamental trees (32). The life cycle of~- syringae pv. syringae on tree hosts 

involves overwintering in dormant buds (29,72,77,185,219); epiphytic colonization of 

leaf and floral tissue as they unfold from the bud (98,128); a leaf spot, canker, and 

epiphytic phase during the summer (124,186,219,239); followed by colonization of 

dormant buds in the fall (31,56,57,219). Bactericides are heavily utilized in most~­

syringae pv. syringae disease management programs on woody hosts, since they are 

crops of high economic value. Copper and streptomycin are both recommended for 

use in the reduction of populations of ~- syringae pv. syringae on various woody 

hosts (20,58,165,166,193,238). Spray programs are usually initiated early in spring 

while the trees are still dormant, and continue throughout the growing season. 

Recently, the development of resistance to bactericides has been observed in 

populations of ~- syringae pv. syringae and other phytopathogenic bacteria. A 

disease problem on ornamental trees in nurseries in Oklahoma, and the evolution of 

resistance to copper and streptomycin within populations of the pathogen, ~- syringae 

pv. syringae, are the focus of the research reported in this dissertation. 



CHAPTER II 

LITERATURE REVIEW 

Bactericide resistance in phytopathogenic bacteria 

Plant diseases of economic importance caused by phytopathogenic bacteria occur 

on virtually every important agricultural crop in all agricultural regions of the world. 

While effective management of bacterial diseases includes cultural practices and the 

use of available resistant plant varieties, chemical control agents have been heavily 

utilized on crops of high economic value. Copper, streptomycin, and tetracycline are 

the most commonly utilized bactericides. Copper, a heavy metal atom, is utilized as 

a foliar spray in the formulations Cu(OH)2 or CuS04, and is toxic to bacterial cells 

when present in the Cu2+ free ion state (248). Copper compounds, which are also 

applied to some crops as fungicides, are the most inexspensive of the bactericides, 

and the most heavily utilized. The antibiotics streptomycin and tetracycline are 

usually registered for use either on crops such as apple on which copper is 

phytotoxic, or on nonfood crops such as ornamental trees. An important sideline of 

the use of streptomycin and tetracycline on plants is that these antibiotics are also 

used in human medicine, and administered to livestock as growth promotants. 

The evolution of resistance to bactericides in populations of phytopathogenic 
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bacteria has become an important constraint to effective disease management. While 

copper resistance has only been extensively characterized in the last decade, strains of 

copper-resistant (Cu, phytopathogenic bacteria isolated from 1960 - 1980 were 

detected in one culture collection (149). Resistance to copper or streptomycin has 

been reported in three genera of phytopathogenic bacteria (Table 1). Recently, there 

have been two reports of resistance to both copper and streptomycin within individual 

strains of two phtopathogens, Pseudomonas syringae pv. syringae and Xanthomonas 

campestris pv. vesicatoria (182,215). Tetracycline has not been utilized as much as 

streptomycin and, to date, tetracyline-resistance has not been observed in 

phytopathogenic bacteria (143). 

Researchers studying bactericide resistance have been interested in the genetic 

determinants and mechanisms of resistance in individual phytopathogens, the 

horizontal dissemination of bactericide-resistance determinants on conjugative 

plasmids, and the effect of bactericide-resistant strains on crop production. Copper­

resistance determinants have been cloned from £. syringae pv. tomato (13) and X. 

campestris pvs. juglandis (129) and vesicatoria (84). The Cur determinant from£. 

syringae pv. tomato is organized as an operon (cop operon) (156) which consists of 

four genes (copA, copB, cope, copD). Transcription of the cop operon occurs from 

a promoter sequence located within an 87-bp region upstream from the translational 

start site of copA (157). Transcription is induced by subinhibitory levels of Cu2+ 

ions, and is under the control of copR and copS, regulatory genes which have 

homology to two component bacterial regulatory systems which respond to 
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Table 1. Characterization of copper- and streptomycin-resistance 

determinants in phytopathogenic bacteria. 

Genus/Species 

Copper 

Pseudomonas syringae 

pv. syringae 

pv. tomato 

.f. syringae 

Genomic 

Location• 

P, tra+ 

P, tra+ 

P, tra-

C 

P, tra-

Pseudomonas spp. P 

Xanthomonas campestris 

pv. juglandis C 

pv. vesicatoria P, tra+ 

Streptomycin 

Erwinia amylovora 

E,. carotovora 

.f.. lachrymans 

P, tra+ 

NT 

NT 
p 

C 

C 

P, 

NT 

NT 

tra+ 

Relevant 

characteristicsb 

cherry; MI, USA; 

plasmids (multiple sizes) 

ornamental trees; OK, USA; 

plasmids (multiple sizes) 

tomato; CA, USA; pPT23D 

cop operon 

CA, USA 

Impatiens; CA, USA; 

pPSil; cop operon 

tomato; CA, USA; cop operon 

almond; CA, USA; cop operon 

pepper; FL, USA; 

pXvCu-type plasmids 

pepper; OK, USA; 

pXvCu-type plasmids 

pepper; Mexico 

pepper; NC, USA 

tomato; CA, USA; cop operon 

apple; CA, USA 

Reference 

218 

215 

13 

5 

48 

so 

129 

210 

14 

1 

182 

so 

199 

apple; Pacific Northwest, USA 143 

apple; MI, USA; strA/strB; 

Tn5393::IS1133 40,41 

Japan 81 

cucumber; Japan 245 



Table 1 (continued} 

Genus/Species 

F_. syringae 

pv. papulans 

pv. syringae 

F_. syringae 

~. campestris 

pv. dieffenbachiae 

pv. vesicatoria 

Genomic 

Location• 

P, tra+ 

P, tra+ 

NT 

NT 

NT 

P, tra-

NT 

6 

Relevant 

characteristicsb 

apple; NY, USA; pCPPSOl 

strA/strB; Tn5393 

Reference 

30 

apple; MI, USA; 41 

plasmids (multiple sizes) 170 

strA/strB; Tn5393 

ornamental trees; OK, USA; 

plasmids (multiple sizes); 

strA/strB; Tn5393 

cherry laurel; Canada 

apricot; New Zealand 

Dieffenbachia 

pepper; FL, OH, USA; 

strA/strB; 

Tn5393::IS6100 

pepper; NC, USA 

215,217 

64 

246 

112 

163a,215 

182 

C = chromosome, P = plasmid, tra+ = self-transmissible via 

conjugation, tra- = nonconjugative, NT= not tested. 

b CA= California, FL= Florida, MI= Michigan, NC= North Carolina, NY 

= New York, OH= Ohio, OK= Oklahoma; strA/strB are homologs of the 

aminoglycoside phosphotransferase genes from RSF1010 (Scholz et al 

1989) • 

environmental stimuli (163). Regulation of expression of the cop operon also appears 

to be controlled by at least one chromosomal gene, which shares homology to the cop 

operon (136). The resistance mechanism of the cop operon appears to be through the 

sequestration of toxic Cu2+ ions in the periplasm of the cell. The CopA protein is the 
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main Cu-binding protein, and binds 11 Cu2+ ions per molecule (34). The sequence of 

the chromosomal Cur determinant from X. campestris pv. juglandis is organized 

similarly to, and shares nucleotide sequence and amino acid sequence homology to the 

cop operon (129). The Cur determinant from X. campestris pv. vesicatoria has 

limited homology to cop A from £. syringae pv. tomato although the determinants 

appear to have genus-specific promoter elements (229). 

Although streptomycin resistance has been reported in many phytopathogenic 

bacteria, genetic analyses of Smr determinants have been conducted only recently. 

The Smr determinants from £. syringae pv. papulans and X. campestris pv. 

vesicatoria were the first to be cloned (163a,170). A probe constructed from the Smr 

determinant from X. campestris pv. vesicatoria hybridized to the Smr plasmid 

pCPP501 from£. syringae pv. papulans, but did not hybridize to total DNA of Smr 

E. amylovora strains from California (163a). Sundin and Bender (215) demonstrated 

that the smr determinants from £. syringae pvs. papulans and syringae, and X. 

campestris pv. vesicatoria were highly similar to the tandem strA/strB aminoglycoside 

phosphotransferase genes which are present on small nonconjugative plasmids such as 

RSF1010. Concurrently, Chiou and Jones (41) determined the nucleotide sequence of 

the strA/strB homologs from E. amylovora. The strA/strB homologs shared 99.8% 

nucleotide sequence identity with the strA/strB genes from RSF1010, and were 

harbored on a 6. 7-kb transposable element, Tn5393 (41). Tn5393 has since been 

detected in the strains of £. syringae pv. syringae and X. campestris pv. vesicatoria 

which contained strA/strB (217), and in a variety of gram-negative bacteria inhabiting 
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apple orchards in regions in which streptomycin is utilized (170,209). The strA/strB 

genes are widespread among bacterial residents and pathogens of humans, animals, 

and plants (Table 2). The worldwide distribution of strA/strB among such diverse 

bacteria from varied hosts suggests a common gene pool may be available to ranges 

of bacteria which are wider than previously thought. 

Table 2, Distribution of the strA/strB streptomycin-resistance and the 

sulII sulfonamide-resistance determinants among bacterial residents and 

pathogens of humans, animals, and plants. 

Resistance 

genes• 

Genus/Species Hostb Loc. 0 strA strB sulII Reference 

Actinobacillus 

~leuro~neumoniae A USA X X X 85 

A CAN X X X 85 

A CAN X X X 237 

Bordetella bronchise~tica A UK X X X 126 

Eikenella corrodens H X § 119 

Enterobacter cloacae H JPN X X X 7 

Erwinia amylovora p USA X X 41 

Erwinia herbicola p USA X X 41 

Escherichia coli H X X X 92 

A UK X X X 114 

H MEX X X X 114 

H JPN X X X 114 

H GER X X X 227 

H JPN X X X 114 

H MEX X X X 114 

H USR X X X 114 

H UK X X X 114 

A UK X X X 114 
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Table 2 (continued) 

Resistance 

genes• 

Genus/Species Hostb Loc.c strA strB sulII Reference 

Escherichia coli H SWE X X X 179 

H UK X X X 114 

A UK X X X 114 

H X X 192 

H X X X 199a 

H SWE X X X 179 

H FRA X X X 159 

Haemophilus ducreyi H KEN X 2 

Klebsiella pneumoniae H JPN X X X 7 

Neisseria sicca H SPA X X X 188 

Pasteurella haemolytica A X t 35 

Proteus morganii H SAF X X X 10 

Proteus mirabilis H GER X X X 10 

Providencia sp. H USA X X X 10 

Pseudomonas aeruginosa H CAN X X X 10 

Pseudomonas syringae 

pv. papulans p USA X X 170 

pv. syringae p USA X X 215 
p USA X X 215 
p USA X X 215 
p USA X X 215 
p USA X X 215 

Salmonella dublin H DEN X X X 10 

Salmonella senftenberg H DEN X X X 10 

Salmonella typhimurium H UK X X X 10 

H UK X X X 207 

H NZ :j: X 80 

H JPN X X X 7 

Shigella flexneri H USA X X X 39 

H JPN X X X 7 

Xanthomonas campestris 

pv. vesicatoria p ARG X X 163a 
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Table 2 (continued) 

• strA and strB are streptomycin phosphotransferase genes; sulII 

encodes a type II sulfonamide resistant dihydropteroate synthase (Scholz 

et al 1989). X = indicated gene is present, a blank space= indicated 

gene is absent. 
b Host of isolation; A= animal, H = human, P = plant. 

Location where bacterium was isolated; ARG = Argentina, CAN= Canada, 

DEN= Denmark, FRA = France, GER= Germany, JPN= Japan, KEN= Kenya, 

MEX= Mexico, NZ= New Zealand, SAF = South Africa, SPA= Spain, SWE = 

Sweden, UK= United Kingdom, USA= United States, --- indicates country 

of origin not reported. 

d tra+ = self-transmissible via conjugation, plasmids not designated 

tra+ are nonconjugative; kb= kilobase pairs; plasmids followed by 

another plasmid in parentheses are synonymous. 

§ 323 bp of strB downstream of strA, nucleotide identity ends after 

that. 

t 97 bp of strB downstream of strA, nucleotide identity ends after 

that. 

:j: substitution of type III trimethoprim-resistant dihydrofolate 

reductase 30 bp within strA. 

Characterization of plasmids in phytopathogenic pseudomonads 

The detection of important bactericide-resistance determinants on plasmids in 

many phytopathogenic bacteria indicates the importance of plasmids in the vertical 

and horizontal dissemination of these determinants within populations. Plasmids are 

autonomously replicating, extrachromosomal DNA elements which tend to encode 

traits that are beneficial to the host bacterial cell during some stages of its life cycle. 

Plasmid-encoded traits such as antibiotic and metal resistance, the ability to catabolize 

unusual substances, bacteriocin and toxin production, and plant invasion, all benefit 
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cells under certain conditions (76). All plasmids encode at least one oriV sequence, a 

sequence at which plasmid replication is initiated (117). Although plasmids observed 

in natural populations are usually diverse, similarities of oriV sequences between 

different plasmids have been utilized to categorize related plasmids and establish 

lineages (53). Plasmids are disseminated vertically within cell lineages during cell 

division. Some large, low copy number plasmids encode partition (mg) determinants 

which ensure plasmid stability through processes which are not fully understood 

(8,9,235). Self-transmissible plasmids encode genes whose products are involved in 

horizontal transfer between cells (234). Several recent observations indicate plasmid 

transfer via conjugation can occur between distantly-related bacteria (154). 

Plasmids have been isolated from all genera of phytopathogenic bacteria (52). In 

£. syringae, indigenous plasmids have been isolated from several pathovars 

(12, 17,30,44,60-62,66,88, 167,168,176,177,194,215,218,221,230). Obukowicz and 

Shaw labeled cryptic £. syringae plasmids with Tn.3., but determined that functions 

associated with tabtoxin production and pathogenicity were not encoded on the 

plasmids they studied (172). However, some phenotypic traits including coronatine 

production (17), indole acetic acid production (44), avirulence (113), and copper and 

streptomycin resistance (12,30,215,218) have been associated with plasmids in£. 

syringae. Although several plasmid-encoded genes have been characterized, little is 

known about the relation of plasmids among pathovars, and the evolution of plasmids 

within populations. Curiale and Mills (61) and Quant and Mills (177) determined that 

individual plasmids from £. syringae pvs. glycinea and phaseolicola share extensive 
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homology. Piwowarski and Shaw (176) and von Bodman and Shaw (230) have shown 

that individual plasmids from different £. syringae pathovars (angulata, coronofaciens, 

and tabaci) shared a high degree of homology. von bodman and Shaw suggested the 

plasmids may encode regions important for coexistence with a plant host (230). 

Mukhopadhyay et al isolated the oriV and par sequences from pOSU900, a cryptic 

plasmid isolated from a£. syringae pv. syringae strain from Oregon (167). A probe 

constructed from these sequences hybridized to indigenous plasmids from several 

pathovars of£. syringae (168) indicating that individual plasmids may be transferred 

among£. syringae pathovars. 

The observation of closely-related plasmids within and among£. syringae 

pathovars suggests these plasmids have coevolved with their host bacterial cells, are 

stable throughout the life cycle of their host, and may encode traits conferring 

advantages in fitness during specific periods of the £. syringae life cycle. The effect 

of plasmids on host fitness has been examined in Escherichia coli, mostly with 

laboratory constructs, but some natural plasmids have been studied 

(33,87,158,171,242). Regarding£. syringae, there are only two studies regarding the 

effect of indigenous plasmids on fitness in planta. Both of these plasmids encoded a 

compound which enhanced the virulence of the pathogen, the phytotoxin coronatine in 

£. syringae pv. tomato (16), and the phytohormone indole acetic acid in£. syringae 

pv. savastonoi (204). The effect of indigenous plasmids on epiphytic fitness of£. 

syringae is essentially unknown. 
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Evolution of antibiotic resistance in clinical bacteria 

The evolution of antibiotic resistance in clinical bacterial pathogens occurs 

through: (i) the spread of a resistant strain; (ii) the spread of an antibiotic-resistance 

plasmid among bacterial species or genera; or (iii) the spread of a specific antibiotic­

resistance determinant among different plasmids or chromosomes (202). The 

dissemination of resistance determinants among plasmids has occurred mostly through 

the association of these determinants with transposable elements. Transposable 

elements are discrete DNA sequences which are capable of mobilizing between two 

sequences by a process called transposition (220). Transposons typically encode 

genes involved in the transposition process, inverted-repeat sequences which are 

specifically recognized by transposase enzymes, and one to several genes encoding 

beneficial traits such as antibiotic or metal resistance (111). 

The evolution of bactericide resistance in phytopathogenic bacteria is much less 

understood. In f. syringae pv. tomato, each of 11 strains isolated in California 

contained a 35-kb plasmid indistinguishable from the Cur plasmid pPT23D (45). 

Also, genetic analysis of chromosomal DNA of these strains revealed they were 

closely related, and distinguishable from other cus strains (51). Cooksey interpreted 

these results to indicate the cur f. syringae pv. tomato strains represented a single or 

closely-related clones which were recently disseminated (47). The 103-kb conjugative 

smr plasmid pCPPSOl was detected in all Smr f. syringae pv. papulans strains 

isolated in New York apple orchards (30). Burr et al noted the relatively rapid 
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evolution and dissemination of streptomycin resistance within the ;e. syringae pv. 

papulans population and suggested conjugation in planta was responsible for this 

process (30). Although conjugative bactericide-resistance plasmids have been isolated 

from several other phytopathogens, little is known about the extent of plasmid transfer 

within natural populations. 

Objectives 

The objectives of the research reported in this dissertation were: (z) to determine 

the extent of a tip dieback and canker disease problem caused by ;e. syringae pv. 

syringae on woody ornamental trees in commercial nurseries in Oklahoma; (iz) to 

characterize isolates of ;e. syringae pv. syringae which were resistant to copper and/or 

streptomycin; (iii) to clone and genetically analyze the plasmid encoded streptomycin­

resistance determinant; (iv) to assess the genetic diversity within plasmid and 

chromosomal genomes of ;e. syringae pv. syringae isolates from natural populations; 

(v) to examine the molecular relatedness of individual plasmids recovered; (vi) to 

examine the expression of the strA/strB homologs from Tn5393 in ;e. syringae and X. 

campestris; (vii) to examine the effect of individual resistance plasmids on ecological 

fitness of ;e. syringae in vitro and in planta; and (viii) to determine the distribution of 

Tn5393 among diverse phylloplane and soil bacteria in regions exposed to 

streptomycin and in regions where streptomycin has not been applied as a bactericide. 



CHAPTERITI 

ECOLOGICAL AND GENETIC ANALYSIS 

OF COPPER AND STREPTOMYCIN RESISTANCE 

IN PSEUDOMONAS SYRINGAE PV. SYRINGAE 

SUMMARY 

Strains of Pseudomonas syringae pv. syringae resistant to copper, streptomycin, 

or both compounds were recovered from symptomless and diseased tissue of four 

woody hosts in three nurseries in Oklahoma. In strains resistant to copper and 

streptomycin (Cur Sm1, resistance to both compounds was co-transferred with a single 

plasmid which was either 68, 190, or 220 kilobase pairs (kb). All cus Smr strains 

contained a 68-kb conjugative plasmid. Cur Sms strains contained one plasmid which 

varied in size from 60 - 73 kb. All conjugative plasmids which transferred 

streptomycin resistance contained sequences homologous to the strA and strB Smr 

genes from the broad-host-range plasmid RSF1010. The Smr determinant was 

subsequently cloned from a 68-kb cur smr plasmid designated pPSRl. A restriction 

map detailing the organization of the homologous Smr genes from pPSRl, RSF1010, 

and cloned Smr genes from :e_. syringae pv. papulans and Xanthomonas campestris pv. 

vesicatoria revealed a conservation of all sites studied. The cur genes cloned from :e_. 

15 
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syringae pv. tomato PT23 and X. campestris pv. vesicatoria XVlO did not hybridize 

to the cur plasmids identified in the present study indicating that copper resistance in 

these f. syringae pv. syringae strains may be conferred by a distinct genetic 

determinant. 

In recent years, the severity of a tip dieback and canker disease of woody plants 

has increased in nurseries in eastern Oklahoma. The symptoms of this disease are 

similar to those observed on nursery trees in the Pacific Northwest which are infected 

with Pseudomonas syringae van Hall (32). Although bactericides containing copper 

and streptomycin have been used extensively in nurseries in Oklahoma for control of 

this disease, a reduction in disease incidence has not been observed. 

The occurrence of copper-resistant (Cu1) strains of the phytopathogens 

Pseudomonas syringae (5,12,218) and Xanthomonas campestris pv. vesicatoria 

(1,14,50,149) has been established. These bacteria were isolated from plant hosts on 

which copper bactericides had been utilized for disease control. Streptomycin was 

first utilized as a bactericide in agriculture in the late 1950s, and streptomycin 

resistance has since been reported in the phytopathogens Erwinia amylovora 

(40,54,143,199), E. carotovora (81), f. lachrymans (245), f. syringae 

(30,64,104,246), and X. campestris pv. vesicatoria (163a,211). 

Genetic studies of bactericide resistance in phytopathogenic bacteria have 

increased in recent years (47). Copper-resistance determinants have been localized to 

plasmid DNA in all phytopathogenic bacteria studied. Inf. syringae pv. tomato, the 
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copper-resistance genes reside on a 35-kb plasmid in strains isolated in California 

( 45). In X. campestris pv. vesicatoria, the cur determinant resides on large plasmids 

in strains isolated in Florida and Oklahoma (14,210). cur determinants have been 

cloned from f. syringae pv. tomato PT23 and X. campestris pv. vesicatoria XVlO 

(13,84). 

Smr determinants have been cloned from plasmids which reside in f. syringae pv. 

papulans (170) and X. campestris pv. vesicatoria (163a). The 4.9-kb insert from the 

X. campestris pv. vesicatoria clone hybridized with plasmids indigenous to Smr f. 

syringae pv. papulans and other Smr X. campestris pv. vesicatoria strains (163a). 

Additional hybridization work using a 500-bp fragment with specificity for the smr 

determinant in f. syringae pv. papulans indicated that Smr gene homologs are found 

in Erwinia amylovora (41), f. syringae pv. papulans (104), and X. campestris pv. 

vesicatoria (163a). Although this Smr determinant appears widespread in distribution, 

the Smr genes from f. syringae pv. papulans and X. campestris pv. vesicatoria did 

not hybridize with DNA from all strains of Smr phytopathogenic bacteria tested, 

indicating that another resistance determinant may be present in some strains 

(41, 163a). 

Although streptomycin resistance has been intensively studied in clinical bacteria, 

only four types of streptomycin-inactivating enzymes are known, those being 

aminoglycoside phosphotransferase {APH(6) and APH(3")} and aminoglycoside 

nucleotidyltransferase {ANT(6) and ANT(3")} (63). The conservation of these four 

mechanisms in both gram-negative and gram-positive bacteria suggests that gene 



18 

transfer has played an important role in the dissemination of Smr genes. For 

example, the nonconjugative IncQ plasmid RSF1010 (92), which encodes two tandem 

Smr genes strA and strB (198), has been recovered from clinical isolates of 

Escherichia coli, Proteus spp., Providencia sp., Pseudomonas aeruginosa, Salmonella 

spp., and Shigella flexneri (10). The strA gene product is reported to be an 

aminoglycoside phosphotransferase {(APH(3")} (107). Two reports have indicated 

that Smr phytopathogenic bacteria also inactivate streptomycin by the APH(3' ') 

mechanism (81,245). 

Although copper or streptomycin resistance has been identified in several 

phytopathogenic bacteria, we are aware of only one study reporting strains with 

resistance to both compounds (182). The involvement of plasmids in the resistance 

phenotypes of these strains was not studied, nor was the relatedness of the resistance 

genes contained in these strains compared to previously cloned resistance 

determinants. 

The long term use of copper and streptomycin in nurseries in Oklahoma and the 

lack of disease control led us to believe that strains of £. syringae pv. syringae with 

resistance to both compounds were present in these nurseries. In this study, we 

surveyed three nurseries in Oklahoma to determine if Cur and Smr strains of £. 

syringae pv. syringae were present and if the resistance genes were encoded on self­

transmissible plasmids. The relatedness of the cur and Smr determinants contained in 

strains of £. syringae pv. syringae was compared to previously characterized 

resistance genes from other phytopathogenic bacteria. In this study, we detected 
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sequences homologous to strA and strB from RSF1010 on conjugative plasmids which 

reside in strains of the phytopathogenic bacteria f. syringae pv. syringae, f. syringae 

pv. papulans, and X. campestris pv. vesicatoria. A preliminary report of this work 

has been published previously (214). 

MATERIALS AND METHODS 

Bacterial strains, plasmids, and media. The bacterial strains and plasmids and 

their relevant characteristics are listed in Table 3. The medium used for isolation of 

f. syringae from plant samples was medium B of King et al (109) (KB) amended with 

100 µg/ml cycloheximide (KBc). Resistance to copper and streptomycin was 

determined using mannitol-glutamate medium (108) containing 0.25 g/L yeast extract 

(MGY) and amended with 250 µg/ml cupric sulfate (MGYcu) or 25 µg/ml 

streptomycin sulfate (MGYsm). Cupric sulfate and streptomycin sulfate were added 

to autoclaved, cooled medium from filter-sterilized stock solutions. The spontaneous 

mutants FF5.1 and FF5.2 were selected on MGY medium using 100 and 50 µglml of 

rifampicin (MGYrit) and chloramphenicol (MGYcm), respectively. E. coli was 

cultured on LB medium (162) and the antibiotics ampicillin and streptomycin were 

added to LB at concentrations of 40 and 25 µg/ml, respectively. 

Source and identification of bacteria. Bacteria were isolated from cottonwood 

(Populus spp.), dogwood (Cornus florida L.), ornamental pear (Pyrus calleryana 

Dene.) and willow (Salix spp.) in July 1988 and July 1990 from three nurseries in the 

eastern Oklahoma counties of Cherokee and Muskogee. Copper and streptomycin 

bactericides had been applied to trees in these nurseries for at least three consecutive 
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Table 3. Bacterial strains and plasmids and their relevant 
characteristics. 

Strain 

Pseudomonas syringae 
pv. syringae 
A2 
AA2 
E2 
FF3 
FFS 
FFS.l 
FFS.2 
Gl 
H12 

pv. papulans 
Psp36 

Xanthomonas campestris 
pv. vesicatoria 
BV5-4a 

Plasmids 

RSF1010 
pSMl 

pCPPSOS 

pBVlO 

pCOP2 

pCuR2 

p 
p 
C 
p 
p 

w 
w 

Relevant characteristics 

cu• Sm', pPSRl (68-kb) 
cu• sm•, pPSR6 (70-kb) 
cu• Sm', pPSR2 (190-kb) 
cu• Sm', pPSRS (68-kb) 
cu•, Sm" 
Rif' 
em• 
cu• Sm', pPSR3 (220-kb) 
cu• Sm', pPSR3 (220-kb) 

Sm', pCPPSOl 

Sm', 68-kb plasmid 

Relevant characteristics 

strA, strB Sm' determinant 
3.7-kb insert containing Sm' 

determinant from pPSRl cloned 
into pBluescript SK+ 

2.5-kb insert containing Sm' 
determinant from pCPPSOl 
cloned into pBR322 

4.9-kb insert containing Sm' 
determinant from BVS-4a cloned 
into pLAFR3 

4.5-kb insert containing cu• 
determinant from PT23 cloned 
into pRK415 

6.4-kb insert containing cu• 
determinant from XVlO cloned 
into pRK415 

• P, ornamental pear; c, cottonwood; W, willow. 

Reference 

This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 

170 

163a 

Reference 

198 

This study 

170 

163a 

13 

84 
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years. Epiphytic bacteria were isolated by washing leaf surfaces in 0.01 M potassium 

phosphate buffer, pH 7.0 (K-Buffer) and plating dilutions on KBc medium. Bacteria 

were also recovered from cankers, dormant buds, and stem lesions using previously 

described methods (195). Individual plant samples were selected randomly from 

different trees. Isolates which were fluorescent on KBc and mcidase-negative (195) 

were further characterized for gelatin liquefaction, aesculin hydrolysis, tyrosinase 

activity, and utilization of tartrate (GATia determinative tests; 125). Isolates which 

liquefied gelatin, hydrolyzed aesculin, lacked tyrosinase activity, and did not utilize 

tartrate were identified as· E. syringae pv. syringae. 

Phenotypic characterization of copper and streptomycin resistance in f. 

syrin&ae pv. syringae. Resistance to copper and streptomycin was tested by 

inoculating strains to MGYcu and MGYsm. Prior to testing, strains were grown for 

48 h on KBc. Strains which exhibited growth on MGY cu or MGY sm equivalent to 

that on MGY after 72 h growth at 24 C were considered resistant. Minimal 

inhibitory concentrations (MICs) of copper and streptomycin were determined for 

resistant strains by inoculating them to MGY agar amended with 375, 500 or 750 

µg/ml copper sulfate or 50, 75, or 100 µg/ml streptomycin. 

Characterization of plasmids. Plasmids from E. syringae pv. syringae were 

isolated using the procedure of Crosa and Falkow (55) with slight modifications (12). 

Plasmids were separated on 0.7% agarose gels, and their sizes were estimated using 

previously characterized plasmid size standards. The size of pPSR3 was calculated 

from the sum of fragments generated by five restriction enzymes. The plasmids were 
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initially grouped according to size and phenotype of the host strain. Representative 

strains from each plasmid group were chosen for conjugation experiments. To 

determine if plasmids were conjugative, matings were conducted using f.. syringae 

pv. syringae strains AA2 and FF3 as donors and FF5 .1 as the recipient. The matings 

were conducted by mixing together 25 µl of donor and recipient cells (108 cfu/ml), 

inoculating the 50 µl suspension to KB agar, and incubating the cells for 12 h at 24 

C. The cells were then suspended in K-buffer, and appropriate dilutions were plated 

on MGY amended with 100 µg/ml rifampicin (MGYrit) to enumerate recipients, and 

MGYrif cu or MGYrif sm to enumerate transconjugants. Matings involving f.. 

syringae pv. syringae strains A2, E2, and Gl with FF5.1 were conducted in the same 

manner and transconjugants were initially selected on MGYrif cu and MGYrif sm. 

Twenty five colonies from each medium were then transferred to the other medium to 

determine whether both resistance markers were transferred. 

Molecular genetic techniques. Agarose gel electrophoresis, DNA restriction 

digests, and Southern transfers to nylon membranes (Amersham Corp., Arlington 

Hts., IL) were done using standard procedures (147). Specific DNA fragments for 

cloning or labeling were separated on agarose gels and isolated by electroelution 

(147). DNA fragments used as probes were labeled with digoxigenin (Genius kit; 

Boehringer Mannheim, Indianapolis, IN) as described by the manufacturer. 

Prehybridizations were conducted for a minimum of 1 hat 68 or 37 C for high or 

moderate stringency conditions, respectively. Hybridizations at high stringency were 

conducted at 68 C followed by two post-hybridization washes of 5 min at 24 C in 2X 
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SSC, 0.1 % sodium dodecyl sulfate (SDS) (lX SSC is 0.15 M NaCl, 0.015 M Na-

citrate; pH 7.0) and two washes of 15 min at 68 C in O.lX SSC, 0.1 % SDS. 

Hybridizations at moderate stringency were conducted at 37 C followed by two post­

hybridization washes of 5 min at 24 C in 2X SSC, 0.1 % SDS and two washes of 15 

min at 37 C in O.lX SSC, 0.1 % SDS. 

Cloning and characterization of the streptomycin-resistance genes from 

pPSRl. The 1.5-kb Sacl - EcoRV fragment, which contains the Smr genes strA and 

strB from the broad-host-range plasmid RSF1010 (198), was used to identify 

homologous sequences on plasmids from cu• smr and cur smr strains of ~- syringae 

pv. syringae. The Sacl site is located 138 bp downstream of the translational 

initiation site for strA, and the EcoRV site is located 3 bp downstream from the stop 

codon for strB. Plasmids from Smr strains of the phytopathogens ~- syringae pv. 

papulans Psp36 and X. campestris pv. vesicatoria BV5-4a were also included in the 

analysis. pPSRl, a 68-kb Cur Smr plasmid from~- syringae pv. syringae A2, 

hybridized with the Sacl - EcoRV fragment and was chosen for further study. 

Bamm, EcoRI, Hindlll, and Pstl, which do not cut strA or strB internally (198), 

were used to identify restriction fragments in pPSRl containing the strA and strB 

homologs. 

A 3.7-kb W fragment in pPSRl hybridized to the Sacl - EcoRV fragment and 

was chosen for cloning experiments because it was the smallest hybridizing fragment 

and would presumably contain less extraneous DNA. This fragment was ligated into 

the Pstl site of pBluescript SK (Stratagene, La Jolla, CA), transformed into E. coli 
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DH5a, and plated onto LB amended with streptomycin. pSMl, a recombinant 

plasmid resulting from this experiment, contained the 3. 7-kb Pstl fragment from 

pPSRl and conferred streptomycin resistance to E. coli DH5a. 

The coding sequence of strA and strB in RSF1010 encompasses positions 63 - 863 

and 866 - 1699, respectively, using the numbering convention from the published 

sequence (198). Restriction sites internal to strA and strB in RSF1010 and additional 

restriction sites outside of the coding sequence were obtained from the published 

sequence (198). To determine whether the restriction sites in strA and strB and 

adjacent sequences were conserved in the smr genes from the phytopathogenic 

bacteria, pSMl, pBVlO, and pCPPSOS were digested with the following enzyme 

combinations: Sspl - EcoRV, Nrul, Nrul - EcoRV, Saeli - EcoRV, A vall, Sacl -

Aval!, Sacl - EcoRV, Aval - EcoRV, Rsal, Ncol - EcoRV, Avail - EcoRV, Ddel -

EcoRV, Ddel - Sacl, BstYI - Sacl, Notl - Sacl, EcoRI - EcoRV, and Hincll -

EcoRV. The digestion products were electrophoresed in agarose gels adjacent to 

RSF1010 digested with the same enzyme combinations, blotted, and probed with the 

1.5 kb Sacl - EcoRV fragment from RSF1010. 

Hybridization experiments with DNA probes containing copper-resistance 

determinants from phytopathogenic bacteria. DNA-DNA hybridization 

experiments were conducted to evaluate the relationship of the cur determinants in 

strains of ~- syringae pv. syringae with cur genes from other phytopathogens. DNA 

fragments used as probes were: a) the 4.5-kb Pstl fragment in pCOP2 containing the 

cur determinant from~- syringae pv. tomato PT23 (13); and b) a 4.6-kb ~RI -
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Hind.Ill fragment in pCuR2 containing the Cur determinant from X. campestris pv. 

vesicatoria (84). Southern blot hybridizations were first conducted under the high 

stringency conditions described above, and following negative results, under the 

conditions described for low stringency. 

RESULTS 

Source and identification of bacteria. In 1988, 11 isolates, each from a single 

colony, were recovered from two stems of willow showing tip dieback symptoms. In 

1990, six, four, and eight isolates were recovered from stems of cottonwood, 

dogwood, and willow, respectively, which also exhibited tip dieback symptoms. Ten 

isolates were recovered in 1990 from the surface of two leaves of cottonwood, three 

isolates were recovered from two symptomless petioles of ornamental pear, and an 

additional 66 isolates were recovered from the interior of 13 symptomless buds of 

ornamental pear. All of these isolates were oxidase-negative, liquefied gelatin, 

hydrolyzed aesculin, lacked tyrosinase activity, and did not utilize tartrate as a sole 

carbon source. These biochemical traits are characteristic of ;e. syringae pv. syringae 

(125). 

Phenotypic characterization of copper and streptomycin resistance. Growth of 

bacteria on MGYcu (250 µg/ml) or MGYsm (25 µg/ml) was sufficient to identify 

strains with resistance to copper or streptomycin because Cu8 Sm8 strains of :E,. 

syringae pv. syringae did not grow on these media. A summary of the resistance 

phenotypes from the 108 :E,. syringae pv. syringae strains is presented in Table 4. 

The MIC of cupric sulfate varied among cur strains from 375 to 500 µg/ml. The 
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MIC of streptomycin was 75 µg/ml for all Smr strains studied. 

Table 4. Number of Pseudomonas syringae pv. syringae strains 
with resistance to copper (Cu) and/or streptomycin (Sm). 

Resistance Phenotype 
(# strains) 

Host• cu•sm• Cu'sm• cu•sm' Cu'Sm' 

Cottonwood 0 0 0 16 
Dogwood 4 0 0 0 
Ornamental pear 7 46 11 5 
Willow 8 0 0 11 

• Host plants originated from three nurseries in eastern 
Oklahoma. 

Characterization of plasmids. A single plasmid of 68 kb (pPSRl, Fig. 1, lane 

2) was detected in all Cur Smr strains of f. syringae pv. syringae isolated from 

ornamental pear. A single plasmid of 190 kb (pPSR2, Fig. 1, lane 4) was detected in 

all cur Smr strains of f. syringae pv. syringae isolated from cottonwood. A 220-kb 

plasmid (pPSR3, Fig. 1, lane 5) was detected in all 11 Cur Smr strains isolated from 

willow. Ten of these strains also contained a smaller plasmid from 60 - 90 kb. All 

cur sms and cus smr strains isolated from ornamental pear contained one plasmid 

which varied in size from 60 - 73 kb (Fig. 1, lanes 1 and 3). No plasmids were 

detected in Cu8 Sm8 strains of f. syringae pv. syringae isolated from dogwood, 

ornamental pear, or willow. 

Plasmids representing all sizes and all resistance phenotypes were tested for 

conjugative ability in plate matings with the cus Sm8 Rif recipient, FF5 .1. The 

spontaneous mutation frequency to streptomycin and copper resistance in FF5 .1 was 
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Fig. 1. Plasmids profiles of Pseudomonas syringae pv. syringae strains isolated from 
woody hosts. Lanes: 1, FF3 (pPSR5); 2, A2 (pPSRl); 3, AA2 (pPSR6); 4, E2 
(pPSR2); 5, H12 (pPSR3). Plasmid size standards are listed at left. LPC is 
linearized plasmid and chromosomal DNA. 
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2.0 x 10-9 and less than 1.8 x 10-10, respectively. Strains containing pPSRl, pPSR2 

and pPSR3 transferred cur and smr to FF5.1 at frequencies of 9.3 x 10-8, 1.4 x 10-2, 

and 1.8 x 10·6 per recipient cell, respectively. Following selection on MGYrif cu or 

MGYrif sm, all cur or Smr colonies grew after transfer to the other medium (MGYrif 

sm or MOY rif cu, respectively). Putative transconjugants of FF5 .1 contained the 

appropriate plasmid when examined by agarose gel electrophoresis (data not shown). 

Since pPSRl was transferred to FF5 .1 at a low frequency, a Cur Smr Ri:F 

transconjugant of FF5.1 containing pPSRl was mated with FF5.2 (Cmr Rif' Cu8 Sm8). 

Transfer of pPSRl to FF5.2 and acquisition of Cur Smr was detected at a frequency of 

9.6 x 10-6 which is higher than the spontaneous mutation frequency to Rif in FF5.2 

and Cmr in FF5.1. pPSR5, a 68-kb plasmid from the Cu• Smr strain FF3, transferred 

smr to FF5.1 at a frequency of 5.8 x 10"6 .per recipient cell. Transfer of cur was not 

detected when the Cur Sm1 strain AA2 and five additional Cur Sms strains were used 

as donors. 

Cloning and characterization of the streptomycin-resistance genes from )!. 

syrinz=ae pv. syringae. The Sacl - EcoRV fragment from RSF1010 hybridized to 

self-transmissible cur Smr plasmids of 68, 190, and 220 kb in four ~- syringae pv. 

syringae strains (Fig. 2, lanes 2 - 5), and to a 68-kb self-transmissible Smr plasmid in 

one strain (Fig. 2, lane 1). This fragment also hybridized to the smaller plasmid 

present in eight of ten Cur Smr strains isolated from willow. Although these strains 

presumably contained copies of the smr determinant on plasmids which varied in size, 

only pPSR3 (220 kb) was self-transmissible. Additionally, the MIC of streptomycin 
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Fig. 2. Agarose gel electrophoresis (A) and hybridization (B) of plasmid DNA from 
Smr phytopathogenic bacteria with the 1.5-kb Sac! - EcoRV fragment containing strA 
and strB from plasmid RSF1010. Lanes 1 - 5 contain the following strains of£, 
syringae pv. syringae: 1, FF3 (pPSR5); 2, A2 (pPSRl); 3, E2 (pPSR2); 4, H12 
(pPSR3); 5, Gl (pPSR3); 6, f. syringae pv. papulans Psp36; 7, Xanthomonas 
campestris pv. vesicatoria BV5-4a; 8, E. coli (RSF1010) . LPC is linearized plasmid 
and chromosomal DNA. 
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was identical for )!. syringae pv. syringae strains isolated from willow regardless of 

whether they contained pPSR3 alone or pPSR3 plus a smaller plasmid. The probe did 

not hybridize to plasmid DNA contained in cur Sm1 strains of)!. syringae pv. 

syringae (data not shown). However, it did hybridize to plasmids present in the Smr 

strains)!. syringae pv. papulans Psp36 (Fig. 2, lane 6) and X. campestris pv. 

vesicatoria BV5-4a (Fig. 2, lane 7). 

The Sacl - EcoRV fragment from RSF1010 hybridized to restriction fragments 

from pPSRl which were 16.0 kb (BamHI), 10.0 kb (HindIII), 9.6 kb ~RI), and 

3. 7 kb Q1tl). The 3. 7 kb Pstl fragment was selected for cloning and was ligated into 

pBluescript SK creating the plasmid pSMl. Transformants of E. coli DH5cx 

containing pSMl expressed streptomycin resistance. Restriction mapping and 

hybridization analyses indicated that the relative positions of selected restriction sites 

internal to strA and strB in RSF1010 were conserved in the)!. syringae pv. syringae 

clone pSMl (Fig. 3). The EcoRV site (1702) in RSF1010 was also present in pSMl. 

The restriction sites shown in Fig. 3 for pSMl were also present in the same relative 

positions in pBVlO and pCPP505 (data not shown). The EcoRI and Hincll sites 

which are located 71 and 65 bp upstream from the translational start site in strA (Fig. 

3; RSF1010 map) were not present in pSMl, pBVlO, or pCPP505. The restriction 

mapping data, combined with the hybridization data at high stringency, demonstrated 

that the Smr determinant in )!. syringae pv. syringae, )!. syringae pv. papulans, and 

X. campestris pv. vesicatoria was similar if not identical to strA and strB from 

RSF1010. 
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Fig. 3. Conservation of restriction sites over a 1.7 kb region encoding strA and strB 
in RSF1010 and streptomycin resistance in pSMl. E, EcoRI (8676)*; H, HincII 
(8682); S, ,SmI (75); N, NruI (169,441); CII, SacII (194); CI, Sac! (201); AI, Aval 
(258); R, Rsal (324, 520, 1594); 0, N@I (605); All, Aval! (638, 845); D, Ddel 
(1209); B, BstYI (1429); T, NotI (1664); EV, EcoRV (1702). * Position numbers are 
from the published RSF1010 sequence (198). Arrows indicate the direction of 
transcription. 
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Hybridization experiments with copper-resistance gene probes. Restriction 

fragments containing the cur determinants from f.. syringae pv. tomato PT23 and X. 

campestris pv. vesicatoria X.VlO were used as probes in Southern blot hybridization 

experiments with plasmids from 18 Cur Smr, Cur Sm8, or Cu1 Smr strains off.. 

syringae pv. syringae. The restriction fragments containing the cur determinants did 

not hybridize to any of the f.. syringae pv. syringae plasmids under conditions of high 

or moderate stringency (data not shown). 

DISCUSSION 

To our knowledge, this is the first report demonstrating the linkage of cur and 

Smr determinants on conjugative plasmids in a phytopathogenic bacterium. 

Presumably, in response to the selection pressure of copper and streptomycin 

bactericidal sprays, the f.. syringae pv. syringae population has developed resistance 

to one or both of these compounds. Surprisingly, the majority of strains isolated 

from ornamental pear were resistant to copper or streptomycin alone. This could 

indicate a more recent evolution of the plasmids which encode both cur and Smr 

determinants. 

We identified plasmids of three distinct sizes which transferred copper and 

streptomycin resistance to Cu1 Sm1 recipients in laboratory matings. In our survey, a 

68-kb plasmid designated pPSRl was detected in each of five Cur smr strains isolated 

from ornamental pear; a 190-kb plasmid, pPSR2, was detected in each of 16 cur Smr 

strains isolated from cottonwood; and a 220-kb plasmid, pPSR3, was detected in 11 

Cur Smr strains isolated from willow. Plasmids detected in Cur Sm• or cu• Smr 
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strains from ornamental pear ranged in molecular weight from 60 - 73 kb. Resistance 

plasmids of different sizes have been isolated previously from local populations of f. 

syringae ( 104). The diversity in plasmid size may indicate the ability of resistance 

determinants to transfer among indigenous plasmids in a bacterial population. 

In the present study, the Smr determinants from f. syringae pv. papulans, f. 

syringae pv. syringae, and X. campestris pv. vesicatoria were shown to be 

homologous to the strA/strB genes of the broad-host-range enterobacterial plasmid 

RSF1010 (198). Recently, Chiou and Jones (41) sequenced the Smr determinant in E. 

amylovora and f. syringae pv. papulans and demonstrated that they are identical to 

the strA/strB genes in RSF1010. Sequence analysis has also indicated that a portion 

of the strA homolog in pSMl is identical to strA in RSF1010 (217). Because 

RSF1010 encodes an APH(3"), it is possible that Smr strains of E. carotovora and f. 

lachrymans from Japan, which produce an APH(3") (81,245), also contain strA and 

strB homologs. Among Smr bacteria isolated from humans and animals, sequences 

homologous to strA and strB from RSF1010 have been identified on related IncQ 

plasmids in Bordetella bronchis~tica (126), Branhamella spp. (175), E. coli (192) 

and Neisseria spp. (188). strA and strB homologs also occur on nonconjugative 

replicons of unknown incompatibility in Actinobacillus pleuropneumoniae (85,237), E. 

coli (199a,229), and .S.. flexneri (39) and on a conjugative plasmid from E. ~ (178). 

Clearly, this Smr determinant has been disseminated to plasmids inhabiting widely 

varied bacteria worldwide. Recently, Lacroix and Walker (119) identified a homolog 

of strA associated with sequences of the transposon TnJ, in chromosomal DNA of 
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Eikenella corrodens. Sequence analysis of the region flanking the strA/strB genes in 

both E. amylovora and :e.. syringae pv. papulans has also suggested that the Smr genes 

in these bacteria are contained on a transposable element (41). Although we have not 

demonstrated transposition of the Smr genes encoded by :e.. syringae pv. syringae, the 

acquisition of this determinant by transposition could explain the presence of these 

genes on plasmids of variable size. 

The discovery of strA and strB homologs in bacteria pathogenic to humans and in 

phytopathogenic bacteria is a powerful example of the ability of bacterial populations 

to respond to selection pressure. Dissemination of this Smr determinant may be 

impacted by selection pressure, plasmid transfer, transfer of the determinant among 

plasmids, and gene expression. In environments where streptomycin is used as a 

bactericide, Smr is selected in populations of phytopathogenic bacteria and in 

nontarget bacteria inhabiting plant surfaces and soil. For example, a DNA probe 

specific for the Smr determinant from :e.. syringae pv. papulans was used to study the 

distribution of Smr homologs in target and nontarget bacteria. Homologs were 

detected in miscellaneous Gram-negative, Smr bacteria isolated from leaves and soil of 

apple orchards in New York (170), and from apple leaves in Michigan (209). 

Streptomycin had been previously applied in some but not all of the orchards 

sampled. Exposure of plant surfaces and soil to streptomycin may selectively enrich 

organisms carrying this determinant, eventually resulting in its transfer to 

phytopathogenic bacteria. 

Natural populations of :e.. syringae pv. syringae in Oklahoma appear to be in a 
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state of flux regarding copper and streptomycin resistance. Plasmids encoding cur or 

Smr phenotypes are still detected in addition to cu• Sm1 strains which do not contain 

plasmids. However, the continued· practice of repeated applications of copper and 

streptomycin in Oklahoma nurseries, may eventually result in a population which is 

uniformly resistant to both bactericidal compounds. 

The choice of bactericides is currently limited in agriculture. Accompanying this 

problem for agricultural producers is the prospect of resistance to bactericides in 

pathogen populations following intensive use of currently available bactericidal agents. 

The use of medically-important antibiotics in agriculture was discouraged by the 

Bacteriology committee of the American Phytopathological Society in 1978, because 

the selection of resistance genes in plant-inhabiting bacteria could possibly impact 

human health ( 4). Our results indicate that antibiotic resistance genes which have 

been selected in bacterial pathogens of humans have also been selected in distinct 

populations of phytopathogenic bacteria.· Although alternative bactericides are needed 

in agriculture, the use of other registered antibiotics such as tetracycline may select 

for additional gene transfer events and result in the further development of antibiotic­

resistance determinants in phytopathogenic bacteria. 



CHAPTERN 

THE EVOLUTION OF COPPER AND STREPTOMYCIN 

RESISTANCE IN PSEUDOMONAS SYRINGAE 

SUMMARY 

The evolution of resistance to copper and streptomycin was studied in populations 

of Pseudomonas syringae isolated from three ornamental pear nurseries in eastern 

Oklahoma. The bactericide spray regime differed at each nursery with copper and 

streptomycin, copper only, and no bactericides applied at nurseries I, II, and III, 

respectively. Resistance to copper (Cu1) and streptomycin (Sm1) was determined for 

1,938 isolates of~- syringae; isolates from nursery'! and II were generally cur Sm1 ; 

whereas most isolates from nursery ill were Cu1 Sm1 • The plasmid profile of 366 

isolates was determined, and six, one, seven, and four plasmid profiles were 

identified from Cur, Smr, cur Smr, and cu• Sm1 isolates, respectively. All Smr 

plasmids contained sequences homologous to the strA and strB Smr genes from the 

broad-host-range plasmid RSF1010 that were associated with the smr transposon 

Tn5393. Plasmids were placed into two groups based on hybridization to the oriV 

and par sequences from pOSU900, a cryptic plasmid in ~- syringae pv. syringae. 

Restriction fragment length polymorphism analysis indicated relatedness among many 

36 
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plasmids in group 1; however, plasmids in group 2 plasmids were more diverse. One 

hundred randomly chosen )!. syringae isolates from nursery I and III were analyzed 

for phenotypic diversity and genetic diversity using arbitrarily-primed polymerase 

chain reaction (AP-PCR). Analysis of chromosomal genotypes by AP-PCR revealed a 

high degree of genetic diversity among the isolates and indicated that the isolates 

could be clustered into two distinct groups. Plasmid profiles were specific to isolates 

from a particular AP-PCR group. Within each AP-PCR group, identical plasmid 

profiles were present in isolates with different chromosomal genotypes implying that 

plasmid transfer has played an important role in the dissemination of cur and smr 

within these populations. 

The effective management of many important plant diseases caused by 

phytopathogenic bacteria has been compromised during the past three decades due to 

the evolution of resistance to the commonly used bactericides copper and 

streptomycin. Plasmid-encoded resistance to copper and streptomycin ha~ become 

increasingly widespread in Erwinia amylovora, · Pseudomonas syringae, and 

Xanthomonas campestris (47). 

Several copper resistance (Cu~ determinants from)!. syringae and X. campestris 

have been cloned and characterized (13,84,129,227). The plasmid-encoded cur 

determinant in f. syringae pv. tomato (cop operon) has been most extensively studied 

(49) and has been detected in other Cur bacteria (47,129,136,203). However, cur 

strains have been isolated which do not show homology to the @P operon (215) or 
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differ from the cop operon in the mechanism of resistance (5). 

Streptomycin-resistance (Sm') determinants have been cloned from a number of 

phytopathogenic bacteria, and recent results indicated that the Smr determinants from 

E. syringae pv. papulans, E. syringae pv. syringae, and X. campestris pv. vesicatoria 

were homologous (215). These bacteria were isolated from diverse geographic 

origins, indicating that the determinant had been widely disseminated. Further 

characterization of the Smr determinant demonstrated homology to the strA/strB genes 

of the broad-host-range plasmid RSF1010 (215), and showed that it was encoded by 

Tn5393, a member of the Tn.3. family (41). Tn5393 was originally characterized from 

E. amylovora strains isolated from orchards in Michigan and was also detected in 

bacteria inhabiting the phylloplane and soil of apple orchards in regions where 

streptomycin was applied as a bactericide (170,209). 

In clinical bacteria, the evolution of antibiotic resistant populations occurs through 

the spread of a resistant strain, the spread of a plasmid among bacterial species or 

genera, or the spread of a specific resistance determinant among different plasmids 

and chromosomes (202). The evolution of copper and streptomycin resistance in 

phytopathogenic bacteria probably occurs through these same mechanisms, although 

their contribution to the evolution of resistance in natural populations is mostly 

unknown. Conjugal transfer of indigenous plasmids encoding copper and/or 

streptomycin resistance has been demonstrated between in vitro for E. amylovora, E. 

syringae, and X. campestris (12,30,40,210,215,218). However, the dissemination of 

resistance plasmids within natural populations of phytopathogenic bacteria is not well 
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understood. Inf. syringae pv. tomato, a single cur plasmid, pPT23D, was detected 

in all Cur strains examined, and the genomic digests of these strains could be 

distinguished from Cu1 strains (45,51). Since the genetic diversity within f. syringae 

pv. tomato is relatively low (67), the lack of many competing genotypes, coupled 

with selection pressure from copper sprays, may have enhanced the selection of a 

single cur f. syringae pv. tomato genotype in California. However, the genetic 

diversity within f. syringae pv. syringae is higher relative to f. syringae pv. tomato 

(67,131). The outcome following exposure of a heterogenous population off. 

syringae pv. syringae to selection from copper and streptomycin bactericides is 

unknown. In previous studies, resistance plasmids varying in size were recovered 

from f. syringae pv. syringae inhabiting different tree hosts, implying the presence of 

different plasmid genotypes within these populations (215,218). However, 

information about the chromosomal genotypes within indigenous populations of f. 

syringae pv. syringae is also necessary in order to understand the evolution of copper 

and streptomycin resistance in this bacterium. 

Arbitrarily-primed polymerase chain reaction (AP-PCR) is a sensitive method 

which can be utilized to fingerprint genomes (231,236). Welsh et al used AP-PCR 

analysis with three oligonucleotides to differentiate a collection of Eurasian and North 

American isolates of Borrelia burgdorferi into three groups (232). The AP-PCR data 

were correlated with previous analyses where multilocus enzyme electrophoresis, 

DNA-DNA hybridization, and restriction fragment length polymorphisms were used 

to differentiate strains (232). AP-PCR analysis has also been utilized to distinguish 
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strains of)!. syringae pv. glycinea which produce the phytotoxin coronatine (225). 

The use of primer sets targeted at specific sites within the genome, such as the 

repetitive extrachromosomal palindromic (REP) regions of gram-negative bacteria 

(228), increase the utility of this technique in differentiating closely-related bacterial 

strains. The relative positions of REP sequences in the genome of gram-negative 

bacteria appear to be conserved in closely related strains and distinct in unrelated 

species and genera (144). The REP primers have been used to fingerprint genomes of 

a number of gram-negative soil genera (65,228), and data generated from one study 

was correlated with previous multilocus enzyme electrophoresis data (65). Also, Judd 

et al have recently used the REP primers and another primer set to differentiate 

closely-related Bradyrhizobium japonicum serocluster 123 strains which could not be 

effectively differentiated with other methods (105). 

In Oklahoma, copper and streptomycin bactericides have been intensively utilized 

in the nursery industry for at least 10 and 5 years, respectively. We have previously 

isolated cur' smr' and cur smr strains of )!. syringae pv. syringae from three woody 

plant hosts from nurseries in Oklahoma (215). Our long-term goal is to understand 

the evolution and persistence of plasmid-encoded genetic traits in populations of )!. 

syringae. Our objective in the present study was to examine the evolution of copper 

and streptomycin resistance in epiphytic )!. syringae which colonized ~ calleryana 

trees exposed to different Cu and Sm spray regimes. To achieve this, populations of 

epiphytic )!. syringae were surveyed at three nurseries, and the frequencies of 

resistance phenotypes were determined. We examined plasmid diversity within a 
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subset of isolates from each population and utilized AP-PCR to investigate the genetic 

diversity within populations from two nurseries. The distribution of individual 

plasmids among different chromosomal genotypes of ~- syringae was also determined. 

MATERIALS AND METHODS 

Bacterial strains, plasmids, and media. The bacterial strains, including a 

representative from each plasmid profile group, and plasmids utilized in the present 

study are listed in Table 5. The characteristics of 100 ~- syringae pv. syringae 

strains which were utilized in the AP-PCR analysis are listed in Table 9. The 

medium used for isolation of ~- syringae from plant samples was medium B of King 

et al (109) (KB) amended with 100 µg/ml cycloheximide (KBc) to inhibit fungal 

growth. Resistance to copper and streptomycin was determined with mannitol­

glutamate medium (108) amended with 250 µg of cupric sulfate per ml (MGcu) or 25 

µg of streptomycin sulfate per ml (MGsm). E. coli was cultured on LB medium 

(162). The antibiotics ampicillin, chloramphenicol, streptomycin, and tetracycline 

were added to LB and MG medium at concentrations of 40, 50, 25, and 12.5 µg/ml, 

respectively. 

Source of ~. syrin&ae isolates. Sampling took place at three ornamental pear 

(~ calleryana cv. Aristocrat) nurseries located in the eastern Oklahoma counties 

of Cherokee and Muskogee. The distance between nurseries was 45 km (I and II), 4 7 

km (II and ill), and 2 km (I and III). The trees were subject to the following 

bactericide spray regimes during each growing season (March to August): nursery I, 

15 applications of a mixture containing cupric hydroxide (2.4 g/1) and streptomycin 
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Table 5. Bacterial strains and plasmids and their relevant characteristics. 

Chromosomal Plasmid 
Strain phenotype profile Relevant characteristics• Reference 

Pseudomonas s~ringae 
pv. syringae 
7844 cu' Sm"; pPSR7 This study 

7G14 1A Cu' Sm"; pPSR7, pPSC4 This study 

2H12 2 Cu' Sm"; pPSR8 This study 

3C1 3 cu' sm•; pPSR9 This study 

8848 4 Cu' Sm"; pPSR10 This study 

7A36 5 Cu' Sm"; pPSR11, pPSC4 This study 

7C12 6 Cu' Sm'; pPSR7, pPSR15 This study 

7812 7 Cu' Sm'; pPSR1 This study 

8C32 8 cu' sm'; pPSR14 This study 

9A26 8A Cu' Sm'; pPSR14, pPSC6 This study 

2E49 9 Cu' Sm'; pPSR2 This study 

7822 10 Cu' Sm'; pPSR12 This study 

7F14 11 cu' Sm'; pPSR3 This study 

9A22 12 cu" Sm'; pPSR 13 This study 

7G43 C1 cu• sm"; pPSC1 This study 

7E42 C2 Cu" Sm"; pPSC2 This study 

8824 C3 cu• sm•; pPSC3 This study 

7C27 C4 Cu" Sm"; pPSC4, pPSCS This study 

9C11.2 Cm' This study 

848 66 

861 66 

864 66 

876 66 

878 66 

PSC18 66 

886-6 Sm' plasmid 170 

pv. coronafaciens 
PC27 pJP27.00 230 

pv. morsprunorum 
3714 INA- J.M. Young 

pv. tabaci 
PT81 pJPS0.00 230 
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Table 5 (continued) 

Plasmids Relevant characteristics Reference 

RSF1010 strA, strB Sm' determinant 198 

pPSR1 Cu' Sm': contains Tn5393 215 

pOSU22 oriV, Qgf_ Loci from pOSU900 167 

•Cu= copper, Sm= streptomycin, Cm= chloramphenicol, r = resistant, s = sensitive, INA·= ice 

nucleation negative. 

sulfate (0.2 g/1); nursery II, 20 applications of cupric hydroxide (2.4 g/1); and nursery 

III, no applications of copper or streptomycin bactericides. Following an initial 

application while the trees were dormant, the bactericides were applied once during 

the bloom period and then weekly throughout the growing season. Epiphytic bacteria 

were isolated from symptomless leaf surfaces on 13 Apr, 11 May, 3 Jun, 2 Jul and 30 

Jul 1991 and 27 Apr, 26 May, and 24 Jun 1992. Single leaves at approximately the 

same canopy position were selected randomly from each of 25 trees, placed 

individually into plastic bags, and transported to the laboratory on ice. Leaves were 

washed individually in 20 ml of 0.01 M potassium phosphate buffer (pH 7.0) 

supplemented with 0.1 % peptone (PK buffer) for 1 hat 250 rpm on a rotary shaker. 

Fifty-microliter aliquots from appropriate serial dilutions were plated on KBc medium 

and incubated for 48 hat 28 C. Oxidase negative colonies (195) which were 

fluorescent on KBc and which exhibited the appropriate colony morphology were 

considered to be)!. syringae (215). Up to 10 isolated)!. syringae colonies per leaf 

were randomly chosen and examined for bactericide resistance by replica plating to 
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MGcu and MGsm as previously described (215). 

Characterization of plasmids. Plasmids were isolated from one or two 

randomly-selected f. syringae isolates per colonized leaf. The plasmid isolation 

method utilized was that of Crosa and Falkow (55) with slight modifications (12). 

Phenol:chloroform:isoamyl alcohol (25:24:1) and chloroform:isoamyl alcohol (24:1) 

extractions were done before restriction enzyme digests. Plasmids were separated on 

0.7% agarose gels, and their sizes estimated by comparison to known plasmid 

standards and by the additive sizes of restriction fragments generated by three 

different enzymes. Plasmids from different isolates were placed into profile groups 

on the basis of size and cur and Smr phenotype. The conjugative ability of resistance 

plasmids belonging to each profile group was assessed by conducting matings on KB 

medium using a method described previously (215). A chloramphenicol-resistant 

(Cm') spontaneous mutant of the plasmid-free Cu1 Sm1 strain 9Cll was designated 

9Cll.2 and used as the recipient. 

Molecular genetic techniques. Restriction enzyme digests, agarose gel 

electrophoresis, Southern transfers, and isolation of DNA fragments from agarose gels 

using electroelution were done using standard procedures (147). When plasmid 

profile groups included two plasmids, the resistance plasmids of interest were 

conjugated into the plasmid-free strain f. syringae 9Cl 1.2. Hybridization analyses 

were conducted to determine the location of specific genetic determinants on plasmids 

from each profile group, and whether restriction fragment length polymorphisms 

(RFLPs) were associated with the location of the determinants. DNA fragments used 
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as probes were (i) the 1.5-kb Sstl - EcoRV fragment containing the Sni genes strA 

and strB from the broad-host-range plasmid RSF1010 (198); (ii) the 3.2-kb Sstl 

fragment which contains portions of the tnpA and tnpR genes and the res site from the 

smr transposon Tn5393 (41); and (iiz) the 1.2-kb Hindlll and 1.4-kb ~RI fragments 

from p0SU22 containing the oriV and par loci from p0SU900 (167). DNA 

fragments were labeled with digoxigenin-11-dUTP following the instructions of the 

manufacturer (Genius Labeling and Detection Kit; Boehringer Mannheim; 

Indianapolis, Ind.). Hybridizations were conducted at 68 C followed by high 

stringency washes as previously described (215). 

Phenotypic characterization of the ;e. syrineae isolates. Phenotypic 

characterization of the 100 ;e. syringae isolates used in AP-PCR analyses was further 

investigated by assessing for the presence of oxidase (195), hydrolysis of aesculin, 

liquefaction of gelatin, utilization of sodium tartrate, and tyrosinase activity (103). 

The ability of the strains to elicit a hypersensitive response in a nonhost plant, tobacco 

(Nicotiana tabacum cv. Xanthi), was evaluated by infiltrating cell suspensions 

(approximately 107 cells/ml in PK), into the intercellular spaces of the leaves. Plants 

were incubated for 24 h on a greenhouse bench and then rated for the presence of 

collapsed tissue characteristic of the hypersensitive reaction (195). Ice nucleation 

activity was assessed by incubating a 1 ml suspension (approximately 107 cfu/ml in 

PK) at -5 C in a controlled temperature bath. Suspensions which froze within 15 min 

were scored as ice nucleation active (INA+); PK buffer alone or a suspension of the 

INA- strain ;e. syringae pv. morsprunorum, were used as negative controls. 
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Genetic analysis of a subset of~- syrin&ae isolates using AP-PCR. One 

hundred f. syringae isolates were randomly selected from the pool of isolates 

recovered from nurseries I and ill in 1992. Genomic fingerprinting of these bacteria 

was done using AP-PCR (231,236) with the following oligonucleotide primer sets: (1) 

the 18 bp REP primers (228) 5'-ICGICTIATCIGGCCTAC-3' and 5'­

IIDCGICGICATCIGGC-3' (Genosys Biotechnologies, Inc.; The Woodlands, TX), 

which were used in combination; (2) and a 20 bp oligonucleotide 5'­

GGTICCGTICAGGACGCTAC-3'(0klahoma State University Recombinant 

DNA/Protein Resource Facility), complementary to the IS~ portion of Tn.5. (181), 

which was used singly. PCR reactions were conducted in a 25-µl volume containing 

the REP primers (50 pmol each) or the IS50 primer (100 pmol), 4 µ.g bovine serum 

albumin (Boehringer Mannheim), 1.25 mM deoxynucleoside triphosphates 

(Boehringer Mannheim), 10% dimethylsulfoxide (Fluka Chemical Corp.; 

Ronkonkoma, NY), and 1.5 U of AmpliTaq DNA polymerase (Perkin-Elmer Cetus; 

Norwalk, Conn.) in a salt buffer (115). To this reaction mixture, approximately 106 

cells (previously grown on KB medium for 12 h) were introduced with a sterile 

toothpick, and the mixture was covered with a drop of mineral oil. Amplifications 

were also performed on purified DNA of plasmids from each plasmid profile group. 

The plasmid DNA was purified either on CsCl-ethidium bromide gradients or by 

electroelution from 0.7% agarose gels. The amplifications were performed with a 

DNA thermal cycler (Perkin Elmer Cetus). The cycles used were as follows: 1 cycle 

at 95 C for 6 min; 5 cycles at 94 C for 1 min, 40 C for 1 min, 65 C for 8 min; 25 
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cycles at 94 C for 1 min, 50 C for 1 min, 65 C for 8 min; 1 cycle at 65 C for 16 

min; and a final soak at 4 C. The fidelity of the technique was checked by 

performing all the amplifications at least twice, and performing amplifications on five 

replicate colonies of six strains. After the reaction, 8 µl of the PCR products were 

electrophoresed for 1.5 h at 60 volts on 1.5 % agarose gels, and the gels were stained 

with ethidium bromide and photographed using Polariod type 55 film. 

Data analysis. After the number of PCR products generated from the two primer 

sets was determined, the data were converted to a two dimensional binary matrix 

where 1 = the presence of a PCR product and O = the absence of a PCR product. 

Analysis was done using the biostastical analysis program NTSYS-pc (Applied 

Biostatistics, Inc.; Setauket, NY). A similarity matrix was computed using Dice's 

coefficient, 2nxy / (nx + 11y), where nxy equals the number of common bands between 

isolates x and y, and nx and ny equals the total number of bands in isolates x and y, 

respectively. Cluster analysis was done using the unweighted pairgroup method 

arithmetic average (UPGMA) (208). 

RESULTS 

Colonization of ;e. caller_yana trees by l- syrin&ae. Epiphytic ~- syringae was 

detected at all sampling times in all locations (Table 6). Populations were generally 

higher during samples taken in early spring which is consistent with observations 

reported for epiphytic colonization of tree hosts by~- syringae (98). Populations 

generally decreased in the summer months when the ambient temperatures were high 

and rainfall was low. Fig. 4 shows the total percentage of leaves colonized by each 
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Table 6. Colonization of Pyrus calleryana cv. Aristocrat leaves by Pseudomonas syringae at 
three nurseries in Oklahoma and recovery of .e_. syringae isolates with resistance or 
sensitivity to copper and streptomycin. 

Saq,l ing Colonized Mean No. P. syringae isolates• 

Nursery" Time0 Leavesd Population" cu" Sm' cu' sm• cu" Sm' Cu' Sm' 

25 5.73 (0.79) 63(25) 99(40) 0 88(35) 

2 21 4.21 (0.81) 17(10) 110(67) 0 38(23) 
3 22 4.30 (0.59) 42(23) 71(39) 0 71(39) 
4 18 4.81 (0. 74) 2( 4) 27(54) 0 21(42) 

5 10 4.31 (0.53) 0 6(16) 0 32(84) 
6 19 4.47 (1.03) 11( 7) 103(69) 0 36(24) 
7 18 4.11 (0.74) 7( 5) 71(54) 0 53(40) 
8 12 4.19 ,o.47l 0 17,33l 3, 6l 31,61l 

TOTAL 145 4.59 (0.93) 142(14) 504(49) 3(0.3) 370(36) 

Sampling Colonized Mean No. P. syringae isolates• 

Nursery' Time0 Leavesd Population• Cu" Sm" Cu' Sm" cu" Sm' Cu' Sm' 

II 5.66 (0.00) 0 0 0 10(100) 
2 21 5.23 (0.84) 6(3) 156(84) 0 24(13) 
3 14 3.83 (0.97) 0 65(86) 0 11(14) 

4 9 3.28 (0.66) 2(6) 25(74) 0 7(21) 

5 2 2.43 (0.12) 3(100) 0 0 0 
6 13 4.05 (1.07) 11(12) 81(86) 0 2(2) 
7 16 3.95 (0.85) 13(10) 114(90) 0 0 
8 8 3.88 ,o.61l 0 52,1ool 0 0 

TOTAL 84 4.17 (1.10) 35(6) 493(85) 0 54(9) 

Sampling Colonized Mean No. P. syringae isolates" 

Nursery' Time0 Leavesd Population" Cu" Sm" Cu' Sm" Cu" Sm' Cu' Sm' 

II I 6 16 4.51 (0.91) 54(41) 0 0 78(59) 

7 15 4.79 (0.51) 96(66) 1(1) 0 48(33) 

8 13 3.76 ,o.47l 40,67l 0 0 20,33l 
TOTAL 44 4.38 (0.79) 190(56) 1(0.3) 0 146(43) 

• Number of .e,. syringae isolates recovered at each saq,ling. Cu= copper; Sm= streptomycin; 

r = resistant; s = sensitive. Percentage of total isolates recovered at the sampling time is 
indicated in parentheses. 
b Bactericide spray regimes were as follows: nursery I, 15 application of a mixture containing 

cupric hydroxide (2.4 g/l) and streptomycin sulfate (0.2 g/l); nursery II, 20 applications of 
cupric hydroxide (2.4 g/l); and nursery Ill, no applications of copper or streptomycin 
bactericides. 
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Table 6 <continued> 

c Sampling times were on the following dates: (1), 13 Apr; (2), 11 May; (3), 3 Jun; (4), 2 

Jul.; (5), 30 Jul 1991; (6), 27 Apr; (7), 26 May; (8), 24 Jun 1992. 
d Number of leaves colonized by f. syringae from a total of 25 leaves s~led. 

• Log10 mean populations (and standard deviation) off. syringae per gram leaf tissue. 

resistance phenotype at each location. Although both copper and streptomycin were 

applied at nursery I, cu• Sm• strains were detected on 19 .1 % of the colonized leaves 

at this site. cur Sm1 and cur smr £. syringae were detected on an approximatley 

equal number of leaves at nursery I. At nursery II, a large percentage (86. 6 % ) of 

colonized leaves harbored cur Sm1 £. syringae. Although streptomycin was not 

sprayed at nursery II, Cur Smr £. syringae was detected on 13.4% of colonized 

leaves. Neither copper nor streptomycin was sprayed at nursery III; however, an 

approximately equal numbers of colonized leaves harbored Cu1 Sm1 or Cur Smr f. 

syringae. Cu1 Smr f. syringae was rarely detected at any nursery. 26.2, 14.6, and 

9 .1 % of the colonized leaves from nurseries I, II, and III, respectively, contained 

heterogenous populations with regard to resistance phenotypes with two· or three 

resistance phenotypes detected on a single leaf (Fig. 4; + ). The total number off. 

syringae isolates with each resistance phenotype recovered at each sampling time is 

shown in Table 6. The phenotype cu• Smr was extremely rare in the nurseries 

surveyed; only 3 of 1,938 (0.15%) f. syringae isolates during the entire survey had 

this phenotype. 

Characterization of plasmids. Plasmid isolations were performed on 366 £. 
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Fig. 4. Percentage of Pyros calleryana cv. Aristocrat leaves colonized by 
Pseudomonas syrin~ae. Values for nurseries I and II represent a total of 200 leaves 
sampled in 1991 and 1992; the percentages reported for nursery ill represent 75 
leaves sampled in 1992. S = (Cu1 Sm1), Cu = (Cu1) Sm', Sm = Cu1 Smr, CuSm = 
cur Smr, + = strains with different phenotypes were recovered from a single leaf. 
Bactericide spray regimes were as follows: nursery I, 15 applications of a mixture 
containing cupric hydroxide (2.4 g/1) and streptomycin sulfate (0.2 g/1); nursery II, 
20 applications of cupric hydroxide (2.4 g/1); nursery III, no applications of copper or 
streptomycin bactericdes. 
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syringae isolates (18.9% of the total number). 314 isolates were resistant to copper 

or streptomycin and contained at least one plasmid. Plasmids varied in size and were 

assigned to one of 14 profile groups according to size and resistance phenotype (Fig. 

5). Ten plasmid profile groups consisted of a single plasmid; these were found in Cu' 

Sms (Fig. 5A, lanes 1 - 4), Cu' Sm' (Fig. 5A, lanes 8 - 9; 2B, lanes 1 - 3), and cus 

Sm' (Fig. 5B; lane 5) strains. The other four plasmid profile groups contained two 

plasmids each and were recovered from Cur Sms (Fig. SA, lanes Sand 6) and Cur Sm' 

(Fig. SA, lane 7; Fig. SB, lane 4) isolates. Cryptic plasmids in Cu8 Sm8 strains were 

examined (data not shown) and assigned to four plasmid profile groups (Cl, C2, C3, 

and C4). Cryptic plasmids were detected in 11 of 14, 5 of 7, and 14 of 31 isolates 

from nurseries I, II, and III, respectively. Plasmid profile group C4 included the 

190-kb cryptic plasmid pPSC4 which was also contained in two Cu' sms plasmid 

profiles (Fig. SA; lanes Sand 6). This plasmid was not detected alone in a Cu8 Sms 

;e.. syringae isolate. 

Southern hybridization and conjugal transfer of selected plasmids into strain 

9Cll.2 were used to determine which plasmid(s) in each profile group harbored a 

particular resistance determinant and if they contained a common replicon. The Cu' 

determinant was located on conjugative plasmids of 53 - 68 kb in all Cu' sms £, 

syringae strains (Fig. 6, 1 - 5, lA), and on conjugative plasmids ranging from 68 to 

220 kb in Cur Sm' strains (Fig. 6, 6 - 11). The strA/strB genes were located by 

hybridization to the plasmid contained in profile group 12, and on the plasmid 

containing the Cur determinant in plasmid profiles 7 - 11 and 8A (Fig. 6). In plasmid 
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Fig. 5. Plasmid profiles from Pseudomonas syringae isolates with resistance to 
copper and/or streptomycin. Plasmid designations and profile group numbers follow 
the strain in parentheses. Lanes (A) 1 to 9 and (B) 1 to 5 contain the following 
isolates: (A) 1, 7B44 (pPSR7 - 1); 2, 2H12 (pPSR8 - 2); 3, 3Cl (pPSR9 - 3); 4, 
8B48 (pPSRlO - 4); 5, 7014 (pPSR7, pPSC4 - lA); 6, 7A36 (pPSRll, pPSC4 - 5); 
7, 7C12 (pPSR7, pPSR15 - 6); 8, 7B12 (pPSRl - 7); 9, 8C32 (pPSR14 - 8). (B) 1, 
2E49 (pPSR2 - 9); 2, 7B22 (pPSR12 - 10); 3, 7Fl4 (pPSR3 - 11); 4, 9A26 (pPSR14, 
pPSC6 - SA); 5, 9A22 (pPSR13 - 12). Plasmid size standards are listed at left. LPC 
is linearized plasmid and chromosomal DNA. 
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Plasmid Profile Group 

Cur Cur Smr Sm r cryptic 

1 2 3 4 1A 5 6 7 8 BA 9 10 11 12 C 1 C2 C3 C4 
kb 

220 - ..... ..... 
-++- ..... 190 - - -

.......... 
100 - -e-

60 - -+- .............................. -a- -a- -B- -e-

..... Cur; Group 1 ..... Cur Sm r; Group 2 

..... Cur Smr; Group 1 --H- Smr; Group 2 

-e- Smr; Group 1 cryptic; Group 2 

-e- cryptic; Group 1 ~ cryptic 

Fig. 6. Characterization of 18 plasmid profile groups identified in Pseudomonas 
syringae strains isolated from Pyrus calleryana cv. Aristocrat. Cu = copper, Sm = 
streptomycin, r = resistant. Plasmid profiles assigned to group 1 contained 
sequences which hybridized to a probe containing the oriV and par loci from p0SU22 
(Mukhopadhyay et al 1990). Group 2 comprised plasmids of 190 - 220 kilobase pairs 
which did not hybridize to the p0SU22 probe. 
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profile group 6, the cur and smr determinants were not linked and were localized to 

the 58 and 196 kb plasmids, respectively (Fig. 6). 

The resistance plasmids could be separated into two main groups by size and by 

hybridization to the p0SU22 replicon. Plasmids assigned to group 1 ranged in size 

from 53 - 125 kb and contained sequences which hybridized to a probe constructed 

from pOSU22, a clone containing the oriV and par loci from pOSU900, a cryptic 

plasmid isolated from E. syringae pv. syringae (167). Group 1 comprised all of the 

Cur plasmids (Fig. 6, 1 - 6, lA), three Cur Smr (Fig. 6, 7 - 8, SA), one Smr (Fig. 6, 

12), and three cryptic (Fig. 6, Cl, C2, C4) plasmids. The p0SU22 probe also 

hybridized to pJP27.00, pJP50.000, and the smr plasmid, from E. syringae pv. 

coronafaciens PC27, E. syringae pv. tabaci PT81, and E. syringae pv. syringae B86-

6, respectively (data not shown). Group 2 plasmids did not hybridize to p0SU22, 

ranged from 190 - 220 kb, and comprised the large cur smr plasmids from profiles 

9 - 11, the Smr plasmid from profile 6, and the large cryptic plasmid pPSC4 from 

profiles lA, 5, and C4. The cryptic plasmids in profile groups SA and Cl did not 

hybridize to p0SU22 but were smaller than the plasmids in group 2 and thus were not 

assigned to either of the two plasmid groups. Restriction endonuclease analysis 

indicated that the cur Smr plasmids from profiles 7, 9, and 11 were essentially 

identical to pPSRl, pPSR2, and pPSR3, respectively, which were previously isolated 

from E. syringae pv. syringae (215). 

The distribution of the plasmid profiles among isolates from the three nurseries 

indicates the predominance of specific plasmids at each nursery (Table 7). At nursery 



Table 7. Number of Pseudomonas syringae strains belonging to 18 distinct plasmid profile groups. 

Plasmid Profile Groupa 

Cu' sm• Cu' Sm' cu• Sm' cu• sm• 

Nursery' 1 lA 2 3 4 5 6 7 8 BA 9 10 11 12 Cl C2 C3 C4 oc Total 

I 34 25 4 4 0 25 3 6 56 15 4 3 0 3 0 1 8 2 3 

II 47 0 30 4 3 0 0 5 3 0 0 1 0 0 0 0 5 0 2 

III 0 0 0 0 0 1 0 10 2 0 0 18 4 0 8 6 0 0 17 

a Cu= copper, Sm= streptomycin, r = resistant, s = sensitive. 
b Bactericide spray regimes were as follows: nursery I, 15 applications of a mixture containing cupric 
hydroxide (2.4 g/1) and streptomycin sulfate (0.2 g/1); nursery II, 20 applications of cupric hydroxide 
(2.4 g/1); and nursery III, no applications of copper or streptomycin bactericides. 

c Plasmid profile group O refers to cu• sm• ~- syringae isolates which contained no detectable plasmids. 

196 

100 

66 

VI 
....J 
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I, the cur plasmid profiles detected at highest frequency were 1, lA, and 5. Since 

the cur determinant in profiles 1 and lA was borne by pPSR7, this plasmid encoded 

Cur in 64.1 % of the Cur Sm1 f. syringae strains isolated in nursery I. Furthermore, 

42.4% of these strains contained pPSC4 in addition to pPSR7. 75.9% of the cur smr 

f. syringae isolates at nursery I contained pPSRl 4 (plasmid profile groups 8 and SA) 

(Table 7). f. syringae strains from nursery I contained 15 different plasmid profiles 

and showed the most variability with regards to plasmid diversity with respect to the 

other two nurseries sampled. At nursery II, the predominant cur plasmid profiles 

were 1 and 2. Profiles lA and 5 were not detected, suggesting that the 190-kb 

cryptic plasmid pPSC4 may not be present in f. syringae isolates inhabiting nursery 

II. Nine cur smr isolates were examined for plasmids at nursery II, and· five 

contained pPSRl (plasmid profile group 7) which was only a minor component of the 

Cur Smr population at nursery I. At nursery ID, only one Cur Sm' isolate was 

detected and it contained plasmids of profile group 5. The major cur Smr plasmid 

profiles at nursery III were 7 and 10, which were infrequently isolated at nursery I 

(Table 7). The cryptic plasmids also differed at each nursery; profile C3 

predominated at nurseries I and II, and profiles Cl and C2 were more frequently 

isolated at nursery ID (Table 7). 

Resistance plasmids from the 14 plasmid profile groups were next examined for 

genetic variability and conjugative ability. Southern hybridizations to digested 

plasmid DNA were preformed to determine if RFLPs were present in sequences 

flanking known genetic markers. The pOSU22 probe hybridized to 1 or 2 E.@RI 
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fragments per plasmid and to Sstl fragments of six sizes among the plasmids in group 

1 {Table 8). The RFLP analysis with the p0SU22 probe indicated the plasmids in 

group 1 could be further subdivided into five subgroups (la - le) based on the RFLP 

banding pattern generated from the EcoRI digests {Table· 8). Probes containing the 

strA/strB and 1!mAftnpR loci hybridized to the same sized EcoRI fragment on pPSR3 

and pPSR12 {Table 8). These probes hybridized to different sized EcoRI fragments 

on pPSRl, pPSR2, pPSR13, pPSR14, and pPSR15 {Table 8). 

With the exception of pPSR15, each plasmid could be conjugated into the 

recipient strain 9Cll.2 at frequencies ranging from 3.42 x 10-7 to 5.73 x 10-3 

exconjugants per donor cell {Table 8). Conjugation frequencies among plasmids 

within group 1 or 2 were similar, with the notable exception of pPSR2 {Table 8). 

Phenotypic characterization of a subset of~. syrinaae isolates. Analysis of 

phenotypic traits of 100 randomly-selected ;f. syrincae isolates from nurseries I and 

mat sampling dates 6, 7, and 8 indicated that 98/100 strains were homogeneous with 

respect to 7 tests. These strains were oxidase negative, hydrolyzed aesculin, liquefied 

gelatin, did not utilize Na-tartrate, had no tyrosinase activity, were ice nucleation 

active at -5 C, and elicited a hypersensitive response in tobacco. Based on these 

characteristics, the strains were identified as ;f. syringae pv. syringae. Only two 

strains, 8Hl and 8H2, differed with respect to having no ice nucleation activity at -5 

C. 

AP-PCR analysis of~. syrinaae pv. syringae strains. Genome analysis was 

performed on the 100 ;f. syrincae pv. syringae strains identified as described above, 
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Table 8. Characterization of 14 profiles groups of plasmids encoding copper and/or streptomycin 
resistance and three profile groups of cryptic plasmids from Pseudomonas syringae isolates recovered 
from three Pyrus calleryana cv. Aristocrat nurseries in Oklahoma. 

Fragments used as probes 
in Southern hybridizations": 
oriV strA/strB !J:!ea/tnpR 

Profile Plasmidb Group• Phenotyped EcoRI SstI EcoRI EcoRI Conjugation 
frequency• 

pPSR7 1a cu 3.6;2.1 14.1 5 .85 X ,0-7 

1A pPSR7 1a cu 3.6;2.1 14. 1 4.47 X 10-7 

2 pPSRS 1b cu 5.2;2.3 21.9 4.96 X 10-1 

3 pPSR9 1b cu 5.2;2.3 21.9 6.11 X 10"7 

4 pPSR10 1a cu 3.6;2.1 14.1 3.57 X 10"7 

5 pPSR11 1a cu 3.6;2.1 14.1 3. 78 X 10"7 

6 pPSR7 1a cu 3.6;2.1 14.1 6.94 X 10-7 

pPSR15 2 SM 10.2 10.2 0 

7 pPSR1 1b CU,SM 5.2;2.3 9.6 10.1 10. 1 3.95 X 10"7 

8 pPSR14 1c CU,SM 7.2 19.7 6.4 6.4 1.48 X 10"6 

SA pPSR14 1c CU,SM 7.2 19.7 6.4 6.4 2.12 X 10"6 

9 pPSR2 2 CU,SM 15.7 15.7 5. 73 X 10-3 

10 pPSR12 2 CU,SM 17.4 17.4 3. 77 X 10-7 

11 pPSR3 2 CU,SM 17.4 17.4 3.42 X ,0-7 

12 pPSR13 1d SM 4.5 14.1 11.3 11.3 6.22 X 10·0 

C2 pPSC2 1e CRYP 4.8;2.2 18.5 ND 

C3 pPSC3 1b CRYP 5.2;2.3 19.7 ND 
C4 pPSC4 1a CRYP 3.6;2.1 17.5 ND 

• Indicates the size of restriction fragments [in kilobase pairs (kb)l hybridizing to each probe. 

c---) indicates no hybridization observed. Probes were: CoriV and~) from p0SU900; (strA/strB) 

from RSF1010; (!J:!ea/tnpR) from Tn5393. 
b Plasmid= resistance plasmid (profiles 1 - 12, 1A, SA) or cryptic plasmid from Group 1 (profiles 

C2, C3, C4). Profiles 1A, 5, and SA also contain a cryptic plasmid which was not included in the 
table. 
0 Plasmid group designations: (1) 53 - 125 kb, contain DNA hybridizing to the oriV and~ sequences 

from pOSU22 (Mukhopadhyay et al 1990); (2) 190 - 220 kb, do not hybridize to p0SU22. Plasmid group 
1 is further subdivided into subgroups a - e based on the size of EcoRI fragments hybridizing to the 
oriV probe. 
d cu= copper resistant, Sm= streptomycin resistant, CRYP = cryptic. 

• Indicates the frequency of exconjugants per donor strain recovered in agar plate matings. f. 
syringae pv. syringae 9C11.2 was used as the recipient strain in each experiment. The strains 
utilized as donors for each plasmid profile are listed in Table 1. ND= not determined. 
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and on six f. syringae pv. syringae strains which were previously examined for 

phenotypic and genetic diversity (66,67). Total genomic DNA released from intact 

cells of the 106 f. syringae pv. syringae strains were used as a template for PCR 

amplification with the IS50 primer and the REP primers. A total of 29 and 36 DNA 

products, ranging in size from approximately 0.3 to 4.0 kb, were observed among the 

106 strains using the IS50 and the REP primers, respectively. No bands were 

observed when gel-purified plasmids from each plasmid profile group were used as a 

template for PCR, indicating differences in plasmid content among the strains were 

not reflected in the PCR analysis. Patterns of PCR products amplified from specific 

strains were compared with others run on the same gel. An example of the results 

obtained with the IS50 and the REP primer set is shown in Fig. 7. 

Cluster analysis of the data matrices generated with the IS50 or the REP primers 

indicated the 106 f. syringae pv. syringae strains could be differentiated into two 

distinct groups (A and B) which were separated at 39.7% and 47.0% genetic 

similarity, respectively (data not shown). A comparison of the dendrograms 

generated with the IS50 and REP primers indicated that they were not completely 

identical. Four strains (B48, B61, B64, and PSClB) were placed into group A in the 

IS50-PCR dendrogram and group Bin the REP-PCR dendrogram. One strain (B76) 

was placed into group Bin the IS50-PCR dendrogram and group A in the REP-PCR 

dendrogram. The IS50 and REP dendrograms also showed minor differences in the 

grouping of closely-related strains between the IS50 and REP dendrograms. The 

differences generated with the two primer sets suggested that each primer combination 
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Fig. 7. Genomic fingerprinting of Pseudomonas syringae pv. syringae strains using 
the arbitrarily-primed polymerase chain reaction technique with the REP primers 
(Panel A) and an IS50 primer (Panel B). Panels A and B (lanes 1 - 12 each) contain 
the following strains with the PCR group indicated in parentheses: Panel A, Lane 1, 
8F21 (B); 2, 8F35 (B); 3, 8F43 (B); 4, 805 (B); 5, 8010 (B); 6, 8017 (A); 7, 8C43 
(A); 8, 8D2 (B); 9, 8D6 (B); 10, 8D17 (B); 11, 8C5 (B); 12, 8D34 (B). Panel B, 
Lane 1, 9B36 (B); 2, 9D8 (B); 3, 8F21 (B); 4, 7F29 (A); 5, 9A3 (A); 6, 9C39 (B); 
7, 8C32 (B); 8, 8C43 (A); 9, 8D6 (B); 10, 8D17 (B); 11, 8D29 (A); 12, 8E17 (B). 
Size standards (in base pairs) are indicated at left. 
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detected differences in the genome of strains which were not evidenced when the 

other primer combination was used. A combined matrix was then generated using the 

IS50 and REP PCR data. When this matrix was analyzed, 84 distinct patterns were 

observed among the 106 ~- syringae pv. syringae strains. Of these, 70 patterns were 

unique, 14 patterns were observed with more than one individual, and the maximum 

number of individuals with identical IS50 and REP PCR patterns was six. The 

dendrogram generated from the combined matrices also differentiated the strains into 

two groups at 45. 8 % similarity (Fig. 8). 

Information regarding the plasmid content and origin of the 100 ~- syringae pv. 

syringae strains identified in this study is listed in Table 9. Fourteen clusters 

containing multiple strains with identical IS50 and REP PCR patterns, and differences 

in plasmid profiles were observed among strains within five of the clusters (Table 9; 

e.g. cluster Al, A3). When the plasmid data are included in the analysis, a total of 

87 unique ;f. syringae pv. syringae genotypes were observed among the 100 strains 

isolated from Pyros calleryana in the present study. The two PCR groups (A and B) 

contained strains with distinct plasmid profiles; group A contained cur Sm1 strains 

with plasmid profiles 1, lA, and 5 dispersed among several clusters, and one cur Smr 

strain (7Cl2) with plasmid profile 6 (Fig. 8; Table 9). Group B contained cur Smr 

strains with plasmid profiles 7 - 11 and 8A dispersed among several genotypes, and 

two cu• Smr strains of identical genotype with plasmid profile 12 (Table 9). Also, 21 

Cu1 Sm1 strains, 11 of which did not contain a plasmid, were found in several clusters 

throughout this group. 
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Fig. 8. Dendrogram of Pseudomonas syrin~ae pv. syringae strains derived from PCR 
fingerprints using the IS50 and REP primers. The dendrogram was generated from 
the combined IS50 and REP primer data sets. 
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Table 9. Relevant characteristics of 100 Pseudomonas syringae pv. 
syringae strains whose chromosomal genotypes were examined using the 
arbitrarily-primed polymerase chain reaction technique. The strains 
were isolated from two Pyrus calleryana cv. Aristocrat nurseries in 
Oklahoma. The order of the strains corresponds to the order in the 
accompanying dendrogram (Fig. 8). 

Plasmid Plasmid 
Resistance/ Resistance/ 

Strain Cluster• Profileb Nursery Strain Cluster Profile Nursery 

PCR Group A 8G24 32 cs 7 III 
7A3 1 C lA I 9C39 33 cs 10 III 
7Al2 1 C 5 I 9C40 34 cs 10 III 
7Al5 1 C 5 I 9Al5 35 s 13 I 
7C19 1 C 5 I 9A21 35 s 13 I 
7C27 1 C4 I 9C49 36 III 
7C35 1 C 5 I 7F31 37 Cl III 
7D21 2 C 5 I 7H6 38 C2 III 
7A7 3 C 5 I 7H9 38 III 
7A36 3 C 5 I 9C5 39 C2 III 
7C12 3 cs 6 I 9Cll 40 III 
8C23 3 C lA I 8F21 41 Cl III 
8B31 4 C 1 I 8Hl 42 cs 9 III 
7C6 5 C lA I 8H2 43 cs 9 III 
7C7 5 C lA I 7B22 44 cs 10 III 
7G13 6 C lA I 7H12 45 cs 10 III 
7G38 7 C 5 I 8H31 46 cs 10 III 
7A29 8 C 5 I 9B36 47 cs SA I 
8F2 8 C 5 I 9D8 48 cs 10 III 
7G14 9 C lA I 8F43 49 cs 8 III 
8E33 9 C lA I 8G31 50 cs 10 III 
8A6 10 C 1 I 9A24 51 cs SA I 
8B37 10 C 1 I 7E41 52 cs 10 III 
7F41 11 C lA I 9D14 53 cs 10 III 
8H38 12 C lA I 8G36 54 cs 10 III 
8H48 12 C lA I 9C12 55 cs 10 III 
9A3 13 C 1 I 9D5 55 cs 10 III 
7F29 14 Cl III 9A31 56 cs 10 I 
8C43 15 C 5 I 8G48 57 C2 III 
8D29 15 C4 I 8C9 58 Cl III 
8D39 15 C lA I 9C41 59 III 
8Gl7 15 C 5 III 8H32 60 C2 III 
8Fl9 16 C 5 I 7B34 61 cs 8 I 
7D28 17 C 5 I 9Cl9 62 III 

PCR Group B 7E44 63 C2 III 
7B12 18 cs 7 III 8F35 64 Cl III 
7D5 19 cs 7 III 8D2 65 III 
8G5 20 cs 7 III 8D6 65 III 
8Gl0 21 cs 7 III 8E15 66 III 
7Bl3 22 cs 7 III 8E17 67 III 
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Table 9 (continued) 

Plasmid Plasmid 
Resistance/ Resistance/ 

Strain Cluster• Profileb Nursery Strain Cluster Profile Nursery 

b 

8I2 23 cs 8 I 8E23 68 III 
7ESO 24 cs 8 I 8017 69 cs 10 I 
9B3 25 cs 8 I 8034 70 cs 10 I 
9B5 25 cs 8 I 8036 71 cs 7 I 
9B10 26 cs 11 I 7012 72 III 
7H24 27 cs SA I ac5 73 Cl III 
9A26 28 cs BA I 8C15 74 cs 8 I 
7F45 29 cs SA III 8C16 75 cs 8 I 
7F49 30 cs BA I 8C42 76 cs 8 I 
7G22 31 cs BA I 9A30 77 cs BA I 
7G23 31 cs SA I 8C32 78 cs 8 I 

Clusters were deduced from the dendrogram generated from the combined 
matrix of ISSO and REP-PCR analysis of 100 ~- syringae pv. syringae 
strains. 

Resistance phenotype and plasmid profile of the~- syringae pv. 
syringae strain; C = copper resistant, S = streptomycin resistant, 
--- = sensitive to copper and streptomycin, -- = contains no 
plasmids. 
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DISCUSSION 

Population sizes of f. syringae on individual Pyros calleryana leaves were similar 

at all three nurseries indicating that the intensive bactericide spray program at 

nurseries I and II was not effective in reducing epiphytic f. syringae populations. 

Isolates of f. syringae with resistance to copper and streptomycin were present in 

populations recovered from all three nurseries. At nurseries I and II, the prevalence 

of resistant strains indicates that copper and streptomycin .resistance are important 

traits in these populations and are probably responsible for the maintenance of f. 

syringae populations on these trees. At nursery I, the majority of the f. syringae 

isolates were cur Sm8 , despite the fact that both copper and streptomycin bactericides 

were applied weekly in this nursery during the growing season. Because copper has 

been used as a bactericide in Oklahoma on nursery trees for a longer period of time 

than streptomycin, it is possible that copper resistance evolved in f. syringae prior to 

the evolution of streptomycin resistance. Subsequent usage of streptomycin probably 

selected for increased resistance to this antibiotic and a population containing a larger 

percentage of Smr strains. It is unclear why the cus Smr phenotype was so rare in the 

f. syringae populations studied. In the nurseries receiving bactericide sprays, the 

ratio of resistant to sensitive f. syringae isolates was large; therefore, there may be 

fewer cus Sms isolates in these populations which could acquire streptomycin 

resistance and exhibit the cus Smr phenotype. At nursery II, 9.3% of the f. syringae 

isolates were cur Smr even though streptomycin was not applied at this nursery, and 

43.6% of the f. syringae isolates at nursery III were Cur Sms or Cur Smr, even 
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though neither copper nor streptomycin were applied at this nursery. These results 

suggest that f. syringae strains with resistance to copper or streptomycin colonize the 

phylloplane in the absence of selection from bactericides, thus corroborating previous 

observations (5 ,46,216,218). 

The plasmid content of cur sms' cus smr' and cur smr f .. syringae was diverse, 

and 12 resistance plasmids were grouped into 14 plasmid profile groups on the basis 

of size and resistance phenotype. The skewed frequency of individual plasmid profile 

groups detected among f. syringae isolates from nurseries I, II, and ill suggests 

different plasmids were selected at each nursery. It is unlikely that f. syringae 

isolates would be restricted to only one of the three sites because the relative 

proximity of each nursery would favor dissemination between nurseries from plant 

surfaces by rain and wind. f. syringae cells are disseminated from plant surfaces by 

rain and wind. The dominance of different plasmids within a nursery could result 

from physical or biological factors including the influence of variations in physical or 

biological parameters of the phylloplane environment which select other genetic 

determinants on the plasmids that enhance fitness or from the influx of f. syringae 

cells from other hosts. 

In this study, streptomycin resistance in f. syringae was conferred by the 

strA/strB homologs present on the Smr transposon Tn5393. This transposon was 

located on variable Boo.RI fragments among group 1 and group 2 plasmids, an 

observation which suggests Tn5393 was mobile in the f. syringae populations studied 

and transposed to several different plasmids. Other investigators have reported the 
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detection of copper and streptomycin determinants on plasmids which varied in size 

(50,104,170,215,218), thus indicating that mobilization of resistance determinants 

among plasmids does occur. 

The probe derived from the oriV and par sequences in the present study was 

originally constructed from p0SU900, a cryptic plasmid 111 f. syringae pv. syringae 

J900, which was originally isolated in Oregon (167). In the present study, this probe 

hybridized to a Smr plasmid in f. syringae pv. syringae B86-6, and to the cryptic 

plasmids pJPS0.000 and pJP27.00 from f. syringae pv. coronafaciens and f. syringae 

pv. tabaci, respectively. pJP27.00 and closely-related variants were harbored by a 

group of strains of the tobacco pathogens E. syringae pvs. angulata and tabaci which 

were isolated worldwide and as long ago as 1941 (230). pJPS0.000 and variants were 

detected in strains of the oat pathogens E. syringae pvs. coronafaciens and striafaciens 

which were isolated from North America and Europe as early as 1940 (230). The 

probe containing the oriV and par determinants from pOSU900 also hybridized to 

plasmids containing the coronatine biosynthetic pathway in E. syringae pvs. 

atropurpurea, glycinea, morsprunorum, and tomato (11). Therefore, the origin of 

replication and stability determinants from plasmid pOSU900 may be widely 

distributed in E, syringae and may encode additional determinants important for 

association of E, syringae with plant hosts. 

Genomic fingerprinting of the 100 E, syringae pv. syringae strains characterized 

in the present study indicated a high level of diversity, and many unique AP-PCR 

patterns were detected. Cluster analysis of the combined data set differentiated the 
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strains into two distinct groups; however, strains within the groups were closely 

related, with 88.6 and 94.4% of the strains in PCR groups A and B distinguished at 

> 80% similarity, respectively. The separation into two distinct groups, and the 

occurrence of strains from each group at nursery I, may indicate that these strains 

belong to distinct subpopulations of ;f. syringae which are both capable of colonizing 

~ calleryana. This situation could be analagous to the coexistence of :f. syringae 

pv. syringae with other ;f. syringae pathovars on the phylloplane of the same host. 

For example, :f. syringae pv. syringae can coexist with ;f. syringae pvs. 

morsprunorum and papulans on cherry and apple, respectively (28,125). 

An examination of resistance phenotypes and plasmid profiles of individuals 

within PCR grnups A and B yielded interesting results. Group A consisted primarily 

of Cur Sm1 strains from nursery I which contained plasmid profiles 1, lA, or 5. The 

Cur Smr strain 7C12 and the Cu1 Sm1 strains 7C27 and 8D29 were also clustered 

within group A. These strains contained plasmids in profile groups 6 and C4, 

respectively, which are closely related to profile group lA (see Table 9). Thus, the 

plasmids distributed among strains assigned to PCR group A were closely related. 

When the plasmid content of individual strains is included in the analysis, strains with 

identical IS50 and REP PCR patterns could be further differentiated. For instance, 

the first cluster in PCR group A contains five strains (Fig. 8), three of which (e.g. 

7A3, 7A12, 7C27) contain different plasmid profiles (Table 9). Since these plasmid 

profiles are closely related (Table 8), these results suggest that plasmid 

rearrangements have occurred in the same genetic background. 
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Results of AP-PCR analysis of the six f. syringae pv. syringae strains isolated 

from diverse hosts such as peach, tomato, and wheat, indicated the strains were 

neither closely related to each other, nor to the strains isolated in the present study. 

This finding corroborates results of other studies indicating some strains off. 

syringae pv. syringae exhibit host specificity (38,190,191) and strains from one host 

may be unrelated to strains isolated from other hosts (67,131). In a previous analysis, 

Denny et al (67) using multi-locus enzyme electrophoresis and RFLP analyses, could 

differentiate the strains isolated from dicots (B48, B76, B78) from those isolated from 

monocots (B61, B64, PSClB). However, the AP-PCR analysis done in the present 

study did not differentiate the dicot and monocot strains. 

Studies of Ti plasmid-chromosome associations in Agrobacterium tumefaciens 

indicate specific plasmid and chromosomal genotypes are highly correlated, implying 

plasmid transfer between strains with different chromosomal backgrounds is rare in 

nature (24,174). However, other reports state Ti plasmids have been detected in 

different chromosomal backgrounds of A. tumefaciens suggesting Ti plasmids can be 

transferred in some situations (161,169). In Rhizobium leguminosarum, identical 

Sym plasmids were detected in different chromosomal backgrounds, and strains with 

the same chromosomal genotype contained different plasmids, suggesting that plasmid 

transfer occurs in natural populations of this species (122,123,197,247). Inf. 

syringae pv. syringae, the location of plasmids such as pPSRll (plasmid profile group 

5) or pPSR14 (plasmid profile group 8 and 8A) in strains containing different 

chromosomal genotypes within PCR group A and B, respectively, suggests plasmid 
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transfer has occurred in these populations. However, the lack of dissemination of 

these plasmids between strains in PCR groups A and B also implies limitations exist 

barring the establishment of particular plasmids in certain chromosomal backgrounds. 

Young and Wexler hypothesized that the species R. leguminosarum is effectively 

compartmentalized, with plasmid transfer occurring within compartments but not 

between them (247). The species f. syringae may be compartmentalized as well; for 

example, cur plasmids from f. syringae pv. syringae could not be transferred to f. 

syringae pv. morsprunorum strains in vitro and were not detected in natural 

populations off. syringae pv. morsprunorum (218). Our observation that some 

plasmids were apparently confined to strains of a particular chromosomal genotype is 

interesting since group 1 plasmids which contain the p0SU900 replicon were detected 

among strains in both PCR groups. Factors contributing to the apparent 

compartmentalization of these plasmids are unclear since transfer of plasmids such as 

pPSRl 1 between group A strains and the group B strain 9Cl 1.2 could be 

demonstrated in vitro in the present study. 

The failure to identify cur Smr strains with plasmid profiles other than 6 in PCR 

group A implies pPSR7, the most common cur plasmid we detected, has not acquired 

the Smr transposon Tn5393. It is currently unknown why pPSR7 has not been a 

recipient of Tn5393. Strains 7C27 and 8D29, which contain pPSR7, have acquired 

Tn5393; however, the transposon was inserted into the cryptic plasmid pPSC5. The 

question of whether pPSR7 is able to acquire a copy of Tn5393 will be the subject of 

further study. 
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The AP-PCR, plasmid profile, and resistance phenotype analyses illustrate the 

large number of subpopulations of )!. syringae in the phyllosphere in each nursery. 

There is evidence in the literature that the frequencies of subpopulations of )!. 

syringae are dynamic, with temporal population shifts occurring in response to 

alterations of physical and/ or biological environmental parameters 

(78,99,100,132,160). In the present study, selective pressure from bactericide usage 

has apparently resulted in the colonization of many )!. syringae genotypes by 

individual resistance plasmids, a phenomenon which may contribute to the ultimate 

persistence of resistance plasmids in these populations. The evolution of resistance to 

the bactericides copper and streptomycin within )!. syringae pv. syringae appears to 

have involved a relatively large number of plasmid and chromosomal genotypes, both 

of which could be differentiated into two distinct groups. This may reflect the 

response of a population which was initially heterogenous, a characteristic which 

would tend to inhibit the rapid dissemination of a single plasmid or clone. The 

isolation of different plasmid profile groups and the genome analysis of strains from 

nurseries I and III indicated that the )!. syringae populations at each nursery were 

distinct. The populations at each nursery could have been influenced by a number of 

factors, including the initial microbial community inhabiting the trees before 

bactericides were applied, immigration and colonization of )!. syringae genotypes 

from other plant hosts, environmental factors, and the bactericide spray regimes. AP­

PCR analysis of chromosomal genotypes of the populations from nurseries I and m 

suggested that plasmid transfer has probably occurred, although it is unknown 
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whether the frequency of plasmid transfer was affected by bactericide selection 

pressure. Previous observations have indicated that bactericide resistance plasmids 

are stably maintained in E. syringae and do not impact epiphytic fitness (216). Thus, 

effective management of E. syringae pv. syringae is compromised by the ability of 

populations to evolve resistance to bactericides. Management alternatives, such as 

host resistance or biological control, may likewise be confounded by the inherent 

heterogeneity of the pathogen populations. 



CHAPTER V 

RELATIVE FITNESS OF IN VITRO AND IN PLANTA 

OF PSEUDOMONAS SYRINGAE STRAINS CONTAINING 

COPPER AND STREPTOMYCIN RESISTANCE PLASMIDS 

SUMMARY 

The effect of resistance plasmids encoding copper resistance (Cu1), streptomycin 

resistance (Sm1), and both cur and Smr on competitive fitness of Pseudomonas 

syringae pv. syringae was studied in vitro and in plan ta. The cur Smr plasmid pPSRl 

provided a selective advantage to its bacterial host(£. syringae pv. syringae FFS.1) 

on Pyrus calleryana leaves which were treated weekly with copper and/or 

streptomycin bactericides. However, populations of the plasmid-free cu• Sm1 FFS.1 

were reduced 10 to 1000-fold over a 12-week period on trees treated with 

bactericides. The resistance plasmids pPSR4 (Cu1), pPSRS (Sm1), and 

pPSR4: :TnS393 (Cur Sm1) were highly stable for over 200 generations of growth in 

glucose-limited batch culture. Results of competition experiments in vitro indicated 

that~- syringae pv. syringae FPS containing pPSR4, pPSRS, or pPSR4::TnS393 was 

reduced to less than S % of the total culture in competition with wild-type FPS. In 

growth chamber studies, the resistance plasmids studied did not impact epiphytic 

77 
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fitness of £. syringae pv. syringae. Our data suggest that resistance plasmids will 

persist in populations of £. syringae pv. syringae following their initial selection 

regardless of the bactericidal spray regime. 

The effect of plasmids on the relative fitness of bacterial cells is of interest from 

evolutionary, medical, and industrial viewpoints. Results of studies using small, 

nonconjugative plasmids or various cloning vector constructs have indicated that 

plasmid carriage generally reduces bacterial fitness in the absence of selection 

pressure (23,75,97,250). Thus, cells in which the plasmid has been eliminated 

generally grow faster and dominate in a mixed culture containing plasmid-bearing 

cells. In some studies, this negative effect or burden was attributed to expression of 

specific plasmid-encoded genes (19,118). However, in other studies where natural 

antibiotic-resistance plasmids such as RPI were investigated, the wild-type plasmid or 

deletion derivatives persisted in culture (33,73,87,171,242). 

Although these studies and others have greatly enhanced our knowledge of 

plasmid biology, the effect of plasmids on reproductive fitness of bacterial hosts in 

their native ecological niche has not been fully elucidated. In studies where the 

fitness of plasmid-containing strains was investigated in vivo, the transfer and 

persistence of resistance plasmids generally occurred in the absence of selection. E. 

coli strains carrying antibiotic-resistance plasmids successfully transferred the 

plasmids and sometimes persisted in animal or human hosts without antibiotic 

selection (151,152,222). Other studies have indicated that antibiotic selection may not 
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be required for maintenance of antibiotic-resistant populations after resistance is 

selected in vivo (36,134). These observations suggest that resistance plasmids contain 

genes which enhance survival in specific ecological niches ( 18). 

In phytopathogenic bacteria, plasmids encode a variety of important traits which 

may confer selective advantages in planta (52). The Ti plasmid of Agrobacterium 

tumefaciens and the Sym plasmid of Rhizobium spp. encode genes which are essential 

for the successful colonization of plant hosts (142). In Pseudomonas syringae, 

plasmid-encoded traits include biosynthesis of indoleacetic acid (IAA) and the 

phytotoxin coronatine (15,44). The 73-kb plasmid pIAA from ;e. syringae subsp. 

savastanoi increased fitness of this pathogen in oleander leaves (204), and the 

coronatine plasmid, pPT23A, significantly increased the growth of ;e. syringae pv. 

tomato in tomato leaves (15,16), Therefore, the maintenance of pIAA and pPT23A 

significantly benefits phytopathogenic ;e. syringae strains during their interaction with 

plant hosts. 

The evolution of resistance to the bactericides copper and streptomycin in 

phytopathogenic bacteria is a developing problem in agriculture. Although genetic 

studies have indicated that most resistance determinants in phytopathogenic bacteria 

are plasmid-encoded (47), little is known about the stability of these plasmids, their 

effect on fitness of their bacterial hosts, and their persistence in their bacterial host in 

the absence of bactericidal sprays. We have been studying the evolution of plasmid­

encoded resistance to copper (Cu1) and streptomycin (Sm1) in ;e. syringae pv. syringae 

(215). We are especially interested in the ecological impact of resistance in ;e. 
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syringae pv. syringae, namely, whether resistance plasmids can persist in this 

bacterium and how they impact competitive fitness. Our objectives in the present 

study were to: (z) assess the colonization ability and persistence of a f. syringae pv. 

syringae strain containing a cur smr plasmid relative to a plasmid-free strain in 

planta; (iz) examine the stability of representative resistance plasmids in vitro; and (iiz) 

examine the effect of plasmid carriage on the competitive fitness of cells in vitro and 

in planta. 

MATERIALS AND METHODS 

Bacterial strains. plasmids, antibiotics. and media 

The bacterial strains and plasmids used in the present study are listed in Table 10. 

f. syringae pv. syringae FF5 was originally isolated from a dormant bud of~ 

calleryana cv. Aristocrat, and spontaneous mutants with rifampicin resistance (FF5 .1), 

and chloramphenicol resistance (FF5.2) were previously selected (215). pPSRl was 

introduced into FF5.1 by conjugation as described previously (215), and pPSR4, 

pPSR5, and pPSR4::Tn5393 were introduced into FF5 by electroporation (84). After 

plasmid introduction into FF5 or FF5 .1, a single colony was transferred to medium 

containing the appropriate resistance markers and then stored in 15 % glycerol at -

80°C. Subsequent experiments were initiated with cells obtained from these stocks. 

The medium used in the plasmid competition and plasmid stability experiments was a 

modified version of a minimal medium developed by Hoitink and Sinden (HS 

medium; 101) in which the concentration of glucose was reduced from 10.0 g/1 to 

0.25 g/1 (HSg). Cell densities of stationary-phase cultures of FF5 and all derivatives 
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Table 10. Bacterial strains and plasmids and their relevant 
characteristics•. 

Strain or 
Plasmid 

Chromosomal 
phenotype 

Relevant 
characteristics Reference 

Pseudomonas syringae 

pv. syringae 
FF5 

FF5.l 

FFS.2 

pPSRl 

pPSR4 

pPSR5 

pPSR4: : Tn5393b 

Rif' 

Cm' 

cu• sm•; no detectable 

plasmids 

Cu' Sm'; 68 kb 

Cu' sm•; 60 kb 

cu• Sm'; 68 kb 

Cu' Sm'; 65. 5 kb 

215 

215 

215 

215 

This 

215 

215 

• Rif = rifampicin, Cm= chloramphenicol, Cu= copper, Sm= 

streptomycin, r = resistant, s = susceptible, kb= kilobase pairs. 

study 

b Tn5393 is a 5.4-kb streptomycin-resistance transposon containing the 

strA/strB Sm' genes (41). Streptomycin resistance in pPSRl and pPSR5 is 

conferred by an indigenous copy of Tn5393 which is encoded by these 

plasmids. In order to compare the fitness of strains containing 

plasmids with a single resistance phenotype (Cu' encoded by pPSR4) with 

those containing plasmids with two resistance phenotypes (Cu' Sm'), a 

copy of Tn5393 was inserted into pPSR4 in the laboratory (217). 

of this strain were approximately 1 x 1()8 cfu/ml in HSg medium. For enumeration, 

cells were plated on MG medium (108) and MG amended with cupric sulfate (MGcu), 

streptomycin (MGsm) or cupric sulfate and streptomycin (MGcu sm). 

Chloramphenicol ( cm) or rifampicin (rit) were added to these media when 

appropriate. For enumeration of cells from plant surfaces, cycloheximide was added 
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to MG medium at 100 µg/ml to inhibit fungal growth. Cells were grown on medium 

B of King et al. (109) before inoculation to plants. Cupric sulfate was added to 

media at 250 µg/ml, and chloramphenicol, rifampicin, and streptomycin were added 

to media at 50, 100, and 25 µg/ml, respectively. 

Population dynamics of FF5.1 and FF5.l(pPSR1) on ornamental pear leaves 

A field experiment was conducted to evaluate epiphytic colonization and 

persistence of FF5 .1 and FF5. l(pPSRl) in the presence and absence of copper and 

streptomycin bactericides. One-yr-old Pyros calleryana cv. Aristocrat trees were 

grown in 37.8 1 containers spaced 0.5 m apart in plots consisting of 18 trees. In the 

field experiment, a randomized complete block design with four blocks was used. 

Prior to inoculation, cells were grown on KB agar medium for 36 h, suspended into 

0.01 M potassium phosphate buffer, pH 7.0 (K-buffer), and adjusted turbidimetrically 

to a cell density of approximately 107 cfu/ml. FF5.1 or FF5.l(pPSRl) cells were 

individually inoculated onto expanding £. calleryana leaves using a mist sprayer until 

the leaves were uniformly wet. The bactericide spray regimes for individual blocks 

were as follows: (1) cupric hydroxide at 2.4 g/1 and streptomycin sulfate at 0.2 g/1; 

(2) cupric hydroxide at 2.4 g/1; (3) streptomycin sulfate at 0.2 g/1; and (4) no 

bactericide application (nothing sprayed as a control). Bactericide applications were 

initiated two days following inoculation and continued weekly thereafter for the 

duration of the experiment. Samples were taken at 1 hand 1, 2, 4, 8, and 12 wk 

after inoculation and consisted of five leaves which were individually removed from 

each inoculated tree, placed into plastic bags, and transported to the laboratory on ice. 
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Each leaf was washed separately in 20 ml K-buffer on a rotary shaker for 1.5 hat 

250 rpm, following which serial dilutions were made and plated onto MG, MGrif, 

and MGcu sm rif. :e.. syringae population sizes were expressed as log10 colony­

forming-units (CFU) per gram leaf tissue, and the limit of detection was 

approximately 40 CFU/g. 

Plasmid stability experiments 

Following the field study, we decided to evaluate the stability of a Cur Smr 

plasmid which could be directly compared with the cur plasmid pPSR4. Therefore, 

for this purpose we constructed pPSR4: :Tn5393 in which streptomycin resistance is 

mediated by the strA/strB resistance genes contained in the 5.4-kb Smr transposon 

Tn5393 (41). Details concerning the construction of pPSR4::Tn5393 will be reported 

elsewhere (217). Plasmid stability experiments were designed to assess the stability 

of the plasmids in vitro in FF5 cells subjected to carbon limitation and grown without 

selection for bactericide resistance. Each plasmid/strain combination experiment was 

replicated twice. Bacterial inoculum grown on HS medium amended with cupric 

sulfate or streptomycin was suspended in K-buffer, and approximately 1()6 cells were 

inoculated into 20 ml of HSg. Cells were incubated at 25°C on a rotary shaker at 

260 rpm. After each 24-h incubation period, 0.2 ml of culture was inoculated into 

19.8 ml of fresh medium. The 100-fold daily increase in cell numbers corresponded 

to 6.64 doublings. In the present study, stability experiments were conducted for 31 

days (approximately 206 doublings or generations). At intervals equivalent to 20 

generations, serial dilutions were plated onto MG, MGcu, MGsm, and MGcu sm as 
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appropriate. Also, at each sampling interval, 50 colonies were replica plated from 

MG to MGcu, MGsm, or MGcu sm, and plasmid DNA was isolated from five 

colonies as previously described (55) to assess plasmid stability. 

Competition experiments 

In vitro competition experiments were set up between the cmr derivative FF5 .2 

and FF5 containing pPSR4, pPSR5, or pPSR4::Tn5393. FF5.2 was utilized because 

the cmr marker enabled us to monitor plasmid transfer by plating cells on MGcu cm, 

MGsm cm, or MGcu sm cm and to examine the plasmid content of any cells arising 

on these media. Plasmid loss was also monitored by screening for the cur and Smr 

markers in cm• FF5 cells. A second series of competition experiments involved the 

substitution of wild-type FF5 as the plasmid- free strain. In these experiments, 

populations of the wild-type FF5 and plasmid-bearing cells were monitored by 

initially plating to a nonselective medium with subsequent screening on the 

appropriate selective medium. 

Prior to the competition experiments, all strains were grown to stationary phase in 

5 ml of HSg broth. 0.1 ml of plasmid-containing and plasmid-free strains were 

mixed and inoculated into 20 ml HSg broth. The experiments were conducted using 

the batch culture methods described for the plasmid stability experiments. The 

experiments consisted of two repetitions and were repeated twice. Total cells and 

cells carrying the appropriate plasmid markers were first enumerated 24 h after 

inoculation (6.64 generations), and subsequently every 48 h (13.32 generations) until 

the experiment was terminated at 15 days. 
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Competition experiments between strains were also conducted using bean plants 

(fhaseolus vulgaris cv. Blue Lake). Prior to inoculation, bean plants were grown on 

a greenhouse bench until the first trifoliate leaf was expanded, and care was taken to 

minimize the wetting of leaf surfaces during watering. Bacterial inoculum was grown 

for 36 hon KB medium, cells were then suspended in K-buffer, and cell densities 

were adjusted turbidimetrically to approximately 1()6 cfu/ml. Inoculum of competing 

strains -was mixed in a 1: 1 ratio and sprayed on the upper and lower surfaces of bean 

leaves using an air brush (Model 200; Badger, Franklin Park, Ill.) at 8 psi until leaf 

surfaces were evenly coated with the cell suspension. Sixteen to twenty plants were 

inoculated per experiment. The plants were incubated in a growth chamber at 24°C 

under high light intensity for 12 h per day with intermittent misting. Cell counts of 

leaf populations were determined by removing eight randomly-selected leaves from 

the group of inoculated plants at each sampling time. Leaves were washed 

individually in 20 ml K-buffer for 1.5 hon a rotary shaker at 250 rpm, and serial 

dilutions of the leaf washings were plated on MG and MGcu, MGsm, or MGcu sm to 

enumerate bacterial colonies. 

RESULTS 

Population dynamics of FF5.1 and FF5.l(pPSR1) on ornamental pear leaves 

Both FF5.1 and FFS.l(pPSRl) colonized pear leaves on inoculated trees in all 

blocks (Fig. 9). An initial reduction in population size of the inoculated strains was 

observed in all blocks during the first week of sampling. Subsequently, in the 

unsprayed control blocks, slight increases in the population of the inoculated strains 
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Fig. 9. Populations of Pseudomonas syrin~ae pv. syringae FFS .1 [panel A] and 
FFS .1 (pPSRl) [panel B] on nontreated Pyros calleryana leaves ( •); leaves treated 
weekly with Cu(OH)2 at 2.4 g/1 and streptomycin sulfate at 0.2 g/1 (•); leaves treated 
weekly with Cu(OH)2 at 2.4 g/1 (D); and leaves treated weekly with streptomycin 
sulfate at 0.2 g/1 (•). The bactericide spray program was initiated two days 
following inoculation. The vertical bars represent the standard error of the mean log10 

bacterial population sizes. 
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were observed, and the populations then stabilized at levels typically observed for f. 

syringae pv. syringae on Pyros calleryana in Oklahoma (Fig. 9A, 9B, •; Chapter 

IV). However, by week 4, populations of the plasmid-free strain FF5.1 were reduced 

from 10 to 300-fold on bactericide-sprayed trees (Fig. 9A, •, o, •) compared to 

populations of FF5.1 on unsprayed trees (Fig. 9A, •). This trend continued through 

the conclusion of the experiment (week 12), when the population of FF5.1 on 

bactericide-sprayed trees was reduced by 100 to 1000-fold relative to the population 

of the same strain on unsprayed trees (Fig. 9A). Conversely, populations of 

FF5.l(pPSR1) on bactericide-sprayed trees (Fig. 9B, •, o, •) were similar to or 

exceeded those of FF5.l(pPSR1) on unsprayed trees (Fig. 9B, •). Furthermore, 

populations of FF5.l(pPSR1) [Fig. 9B, •] were similar to or exceeded populations of 

FF5.1 on unsprayed trees (Fig. 9A, •) during the 12-wk duration of the experiment. 

Plasmid stability 

pPSR4, pPSR5, and pPSR4::Tn5393 were highly stable inf. syringae pv. 

syringae FF5 for over 200 generations in vitro. Bacterial counts on MGcu, MGsm, 

and MGcu sm were similar throughout the experiment to counts on nonselective MG 

medium for FF5 containing pPSR4, pPSR5, and pPSR4::Tn~, respectively. We 

did not detect any plasmid-free segregants when individual colonies were transferred 

from MG to MGcu, MGsm, or MGcu sm. Plasmids isolated from individual colonies 

at the sampling intervals did not differ in size from the wild-type plasmids. 

In vitro competition experiments 

Initially, competition experiments involved the spontaneous Cmr mutant FF5 .2 in 
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combination with FF5(pPSR4), FF5(pPSR5), or FF5(pPSR4: :Tn5393) to determine if 

the plasmids were stable and whether there was evidence of plasmid transfer to FF5 .2 

under the conditions of the experiment. Each plasmid was stable in FF5; cm• 

plasmid-free cells were not detected at any time during these competition experiments. 

Selection for cmr exconjugants indicated that they did not exceed 0.0004% during 

experiments involving pPSR4, and exconjugants were not detected in experiments 

involving pPSR5 or pPSR4: :Tn5393. 

In vitro competition experiments were then conducted utilizing the wild-type FF5 

as the plasmid-free strain (Fig. 10). Interestingly, the proportion of FF5 plasmid-free 

cells (Fig. lOA, B, C; •) exceeded 95% of the total population after 100 generations 

regardless of the competing strain. The populations of the plasmid-containing cells 

(Fig. lOA, o; B, "'; C, •) remained consistently lower than the FF5 population 

throughout the course of all experiments. However, the plasmid-containing strains 

were never eliminated and were present at approximately 2 % of the total population at 

the termination of the study. Each experiment was repeated with similar results. 

In planta competition experiments 

Experiments designed to evaluate epiphytic fitness were also performed with FFS 

in competition with FF5 (pPSR4), FF5(pPSR5), or FF5(pPSR4::Tn5393). Bean, 

which is commonly used as an epiphytic host for ~- syringae pv. syringae, was 

utilized in all experiments. Throughout the 11-day duration of these experiments, 

populations of plasmid-containing (D, •, •) and plasmid-free strains(•) were very 

similar (Fig. llA, B, C). There was no evidence of inhibition between competing 
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Fig. 10. Competition between plasmid-containing and plasmid-free strains of 
Pseudomonas syringae pv. syringae in a glucose-limited minimal medium. The 
plasmid-free strain FF5 (•) was competed with (A) FF5(pPSR4), o; (B) 
FF5(pPSR5), •; and (C) FF5(pPSR4::Tn5393), •. 
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Fig. 11. Competition between plasmid-containing and plasmid-free strains of 
Pseudomonas syringae pv. syringae grown epiphytically on the surfaces of bean 
leaves. The plasmid-free strain FF5 (•) was competed against (A) FF5(pPSR4), o; 
(B) FF5(pPSR5), •; and (C) FF5(pPSR4: :Tn5393), •. 
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strains because populations generally increased or decreased uniformly (Fig. llA, B, 

C). The experiments were repeated with similar results. 

DISCUSSION 

To our knowledge, this is the first report addressing the effect of indigenous 

bactericide-resistance plasmids on competitive fitness of a phytopathogenic bacterium. 

The presence of the cur smr plasmid pPSRl provided a selective advantage to FF5 .1 

on Pyrus calleryana trees sprayed with copper and streptomycin bactericides. The 

colonization of FF5.l(pPSRl) remained high on sprayed trees, but populations of 

FF5.1 declined about 10 to 1000-fold on trees treated with bactericides (Fig. 9A). 

Furthermore, we found that pPSRl did not affect the ability of FFS .1 to colonize f. 

calleryana trees in the absence of bactericidal sprays (Fig. 9B), thus corroborating 

results obtained with other f. syringae strains containing different cur plasmids 

(46,218). 

The resistance plasmids pPSR4, pPSRS, and pPSR4::Tn5393 were highly stable 

in f. syringae pv. syringae FF5 in the absence of selection pressure. After 

introduction into strain FFS, each plasmid persisted for over 200 generations in batch 

culture grown under conditions of carbon limitation. An important factor in the 

stability of large, low-copy-number plasmids is the presence of genes encoding 

stability or partition functions (8). We recently cloned the vegetative origin (oriV) 

and a stability determinant from pPSRl (217). A clone containing these functions 

hybridized to pPSR4, pPSRS, pPSR4::Tn5393, and p0SU22, a clone containing the 

replication region from p0SU900, an indigenous plasmid in f. syringae pv. syringae 
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J900 (167,217). However, the relatedness of pPSR4 and pPSR5 in regions flanking 

the origin of replication has not been firmly established. Interestingly, p0SU22 and 

other derivatives containing the p0SU900 replication region were highly stable in ;e,. 

syringae in the absence of selection pressure (167). The conservation of the 

pOSU900 replication region in f. syringae strains isolated in Oklahoma strongly 

suggests that these plasmids have evolved replication functions which favor their 

stability in the absence of selection pressure. 

Competition experiments in a minimal medium containing glucose in limiting 

concentrations indicated that pPSR4, pPSR5, and pPSR4::Tn~ had a negative 

impact on competitive fitness· of ;e,. syringae pv. syringae. However, FF5 containing 

pPSR4, pPSR5, or pPSR4::Tn5.....323. persisted and was never completely eliminated 

from the cultures during any experiment. 

An important phase in the life cycle of ;e,. syringae is its growth as an epiphyte on 

host and nonhost plant surfaces (99). Although physical forces facilitate leaf 

colonization, bacterial traits such as motility and adherence to leaf surfaces are 

important as well (93,183). In natural environments, epiphytic ;e,. syringae cells 

compete for survival with other ;e,. syringae genotypes and various other components 

of the microbial flora. Competition for limiting nutrients and occupation of 

colonization sites on leaf surfaces are thought to play an important role in the growth 

and survival of closely-related epiphytic bacteria (21). However, other factors such 

as exclusion of competing strains and dissemination in the natural environment are 

also important in the success of a particular ;e,. syringae genotype. In biological 
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control studies, organisms which function as competitors can inhibit target ;e. syringae 

strains through competitive exclusion, but cannot reduce established epiphytic strains 

(137,139,140). Our studies indicate that indigenous resistance plasmids in ;e. syringae 

pv. syringae do not compromise their host by reducing epiphytic fitness. Therefore, 

successful colonization of plant surfaces by plasmid-containing f. syringae is likely to 

be followed by persistence of these strains in the phylloplane. Furthermore, we have 

recovered ;e. syringae strains containing cur Smr plasmids from ;e. calleryana buds, 

suggesting that these resistance plasmids do not prevent ;e. syringae from 

overwintering in the pear host· (217). 

The evolution of resistance to copper and streptomycin in ;e. syringae pv. 

syringae has apparently involved the dissemination of distinct resistance plasmids 

among many genotypes (215,Chapter m,IV). Colonization of plants by a specific 

genotype of ;e. syringae is strongly influenced by the indigenous ;e. syringae 

genotypes resident in the area (100). The heterogeneity of genotypes colonizing 

plants in a particular area may reflect strains which possess selective advantages 

during different environmental conditions or strains which are enhanced in 

dissemination or colonization of new hosts. A percentage of these ;e. syringae strains 

contain indigenous plasmids (52,176,230) which may acquire resistance genes after 

cells are exposed to copper and streptomycin sprays. Furthermore, these resistance 

plasmids may be conjugally transferred into other f. syringae genotypes, and may 

ultimately affect the stability of these plasmid genotypes in areas where bactericide 

use is discontinued. 
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Results obtained in the present study indicate that resistance plasmids and the 

strains which harbor them may remain associated with tree hosts even if bactericide 

selection is withdrawn. The location of unique plasmids in diverse genetic 

backgrounds and the diversity of resistance plasmids present in these ~- syringae pv. 

syringae populations suggest that long-term maintenance of these plasmids in the 

population is possible. Also, the lack of negative effects on competitive fitness 

indicates that these resistance plasmids may harbor other genetic determinants which 

are beneficial to ~- syringae in its ecological niche. 



CHAPTER VI 

DETECTION OF IS6100 WITHIN THE STREPTOMYCIN-RESISTANCE 

TRANSPOSON Tn5393 IN XANTHOMONAS CAMPESTRIS 

SUMMARY 

Resistance to streptomycin in the phytopathogen Xanthomonas campestris pv. 

vesicatoria is encoded by the strA/strB aminoglycoside phosphotransferase genes 

which are located on Tn5393. The nucleotide sequence of a region within Tn5393 

upstream of the strA/strB genes was determined. An 880 bp sequence, identical to 

that of the insertion sequence IS6100, was detected 33 bp within the resolvase (tnpR) 

gene of Tn5393. IS6100, a member of the IS,2 family, has previously been found on 

Tn610 in Mycobacterium fortuitum, and on nylon-degrading plasmids in 

Flavobacterium sp. and Pseudomonas sp. Codon usage within the putative 

transposase gene of IS6100 was compared to codon frequency tables generated for X. 

campestris and Mycobacterium spp., and to existing codon frequency tables for 

Bacillus subtilis, Pseudomonas spp. and Streptomyces spp. Comparative analysis 

using the computer program Correspond indicated that codon usage within IS6100 

was most similar to that of X. campestris. The nucleotide sequence identity of 

98 
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IS6100 in diverse organisms, combined with the similarity of codon usage of the 

putative transposase gene with that of gram-negative bacteria, suggests this IS element 

has been recently disseminated from gram negative to gram positive bacteria. 

INTRODUCTION 

The aminoglycoside antibiotic streptomycin has been utilized to control bacterial plant 

diseases in many regions of the world. Streptomycin-resistant strains of the 

phytopathogen X. campestris pv. vesicatoria have been isolated in four continents 

(163a). Streptomycin resistance in some of these strains is conferred by plasmid­

encoded genes (163a) which were shown to be homologs of the strA/strB 

aminoglycoside phosphotransferase genes that are found on small, nonconjugative 

plasmids such as RSF1010 (198,215). In three genera of phytopathogenic bacteria, 

the strA/strB genes are encoded by Tn5393, a member of the Tn.3. family (41,Chapter 

VII). In Tn.3.-type transposons, the transposase (tnpA) and resolvase (tnpR) genes are 

transcribed divergently from promoters located on opposite DNA strands within a 

central recombination site (res) (200). In Erwinia amylovora, Tn5393 is 6. 7 kb and 

contains an insertion sequence (IS) element, IS1133, upstream of strA (Fig. 12) (41). 

Deletion analysis suggested the expression of Smr is controlled by a promoter 

sequence located near the end of IS1133 (41). Regions within Tn5393 upstream of 

strA have not been previously mapped inf. syringae or X. campestris pv. 

vesicatoria. Nucleotide sequence analysis of this region from X. campestris pv. 
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Tn5393 

- -IZZZZZZZZZN :::i:i:i:i:i:i:i:i:i:::i:t@i@i:i:i:i:i:i:i:i'i:M~~ -
IR tnpA res tnpR IS 1133 strA strB IR 

Fig. 12. Structure of the streptomycin-resistance (Sm1 transposon Tn5393 (Chiou 
and Jones, 1993). In Erwinia amylovora, IS1133 is inserted downstream of the 
transposase (tnpR) gene and upstream of the strA Smr gene. Putative promoter 
sequences are identified by arrows. 
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vesicatoria indicated that the IS element IS6100 was inserted within the tnpR gene of 

Tn5393. 

Table 11. Bacterial strains and plasmids and their relevant 
characteristics. 

Strains, plasmids 

Bacterial strainsa 

Escherichia coli 

DHSa 
Xanthomonas campestris 

pv. vesicatoria 

BVS-4a 

79-2 

Plasmidsb 

pBluescript SK+ 

pGWS3 

pGWS4 

Relevant characteristics 

smR; strA/strB on 68-kb plasmid 

smR; strA/strB on 68-kb plasmid 

Reference 

147 

163a 

163a 

ApR Stratagene 

3.7-kb Ec:oRV of 68-kb smR plasmid 

plasmid from BV5-4a in 

pBluescript SK+ 

2.2-kb HindIII of pGWS3 in 
pBluescript SK+ 

This study 

This study 

• LB medium (Maniatis et al 1982) was used for cultivation of g. coli 

DHSa. Strains of!• campestris pv. vesicatoria were maintained on 

nutrient agar (Difeo; Detroit, MI). Antibiotics were added to media at 

the following concentrations (µg/ml): Sm, 25; and Ap, 40. 
b Indigenous plasmids from!• campestris pv. vesicatoria BV5-4a were 

purified on CsCl gradients, digested with EcoRV, electrophoresed on an 

agarose gel, blotted, and hybridized with a 1.5-kb SstI - EcoRV fragment 
from RSF1010 containing an internal fragment of strA/strB (198). A 3.7-
kb EcoRV fragment which hybridized to the probe, was isolated by 
electroelution, ligated into the EcoRV site of pBluescript SK+ creating 

the recombinant plasmid pGWS3, and introduced into g. coli DHSa by 

transformation. Dideoxy sequencing of both strands of DNA was done 

using Sequenase (U.S. Biochemicals; Cleveland, OH) following the 
manufacturer's instructions. 
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RESULTS AND DISCUSSION 

(a) Detection of IS6100 within Tn5393 in X. campestris pv. vesicatoria 

Nucleotide sequence analysis of approximately 2.0 kb of Tn5393 upstream of the 

strA gene from X. campestris pv. vesicatoria BV5-4a indicated that the sequence was 

identical to that in ;e. syringae (41) except for the presence of an 888 bp sequence 33 

bp within tnpR (Fig. 13A). A homology search of the EMBL. database indicated that 

880 bp of this sequence was identical to that of IS.fil.00 which was also previously 

found on Tn610 from Mycobacterium fortuitum (153) and on the nylon-degrading 

plasmid pOAD2 in Flavobacterium sp. (106). Southern hybridization analyses 

indicated that sequences homologous to IS6100 were present on pNAD2, a nylon­

degrading plasmid in Pseudomonas sp. (106). IS6100 is a member of the IS2 family 

of insertion sequences which are widespread within both gram-negative and gram­

positive bacteria (82). An 8-bp duplication was detected at the insertion site in X. 

campestris pv. vesicatoria BV5-4a, which is characteristic of insertion of IS elements 

in the IS2 group (82). X. campestris pv. vesicatoria 79-2, a strain isolated.eight 

years prior to BV5-4a from the same location in Argentina (163a), also contained 

IS6100 within Tn5393 on a 68-kb plasmid (data not shown). The insertion of IS6100 

upstream of strA (Fig. 13B) was shown to increase the level of expression in X. 

campestris pv. vesicatoria when a fragment containing IS6100 was cloned in front of 

a promoterless /j-glucuronidase gene (Chapter VII). 

Alignments of amino acid sequences of the putative transposases in the IS2 family 
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A 
IS6100 tnpR 

33 bp 880 bp 521 bp 

B 
tnpA res IS6100 tnpR strA strB 

l iiiiiiiiiiiiiiiiiiiijj:i::i:i;;:;:;:::;i:ii 

6.4 kb 

Fig. 13. (A) Characterization of the region within Tn5393 upstream of strA in 
Xanthomonas campestris pv. vesicatoria. An 880-bp sequence, identical to that of 
IS6100 is inserted within the tnpR gene. The 14-bp inverted repeats are indicated by 
arrows. The putative transposase gene of IS6100 is indicated by the line with the 
direction of transcription indicated by the arrow. (B) Putative physical map of 
Tn5393 within X. campestris pv. vesicatoria. The strA/strB genes were mapped 
previously (Sundin and Bender, 1993). The region sequenced included all of res, 
IS6100, tnpR, and 420 bp of tnpA upstream of res. 
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have been reported previously (106,153,180,189). Most of these elements flank 

antibiotic-resistance determinants and form compound transposons. Furthermore, 

IS15, IS26, and IS140 provide promoter sequences which activate adjacent genes 

(3,27,128a). Transcriptional activation by these IS elements is similar to other 

examples of IS-activated expression (82), with the IS providing a -35 region near its 

terminus and generating a hybrid promoter with an indigenous -10 region. In these 

cases, as also observed with other examples of IS-activated expression (82), the IS 

provides a -35 region in its outward end, creating a hybrid promoter upon insertion 

with an indigenous -10 region. However, the location of IS6100 within tnpR did not 

create a hybrid promoter; instead, promoter sequences increasing the expression of 

streptomycin resistance in X. campestris pv. vesicatoria were located within IS6100 

(Chapter VII). 

(b) Codon usage analysis of the putative transposase protein of IS6100 

Martin et al. (153) suggested that IS6100 originated from Mycobacterium and 

cited similarity in the codon usage of the putative transposase gene in IS6100 and the 

M. bovis 65 kDa antigen protein. To more fully address the origin of IS6100, we 

used the program Correspond (90) from the University of Wisconsin Genetics 

Computer Group (UWGCG) to compare codon usage in the putative transposase of 

IS6100 with codon usage tables from Bacillus subtilus (201), Pseudomonas spp. (D.K. 

Willis, personal communication) and Streptomyces spp. (243). Additionally, we 

generated codon usage tables of 37 coding sequences from X. campestris and 16 

coding sequences from Mycobacterium spp. from the GenBank database (Table 12) 
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TABLE 12. Codon usage of the putative transposase gene of IS6100, and 

37 and 16 coding sequences of Xanthomonas cam12estris and Mycobacterium 

spp.' respectively". 

IS6100 Xanthomonas Mycobacterium 

AmAcid Codon No. b /1000° No. /1000 No. /1000 

Gly GGG 1.00 3.92 140.00 8.61 103.00 17.62 
Gly GGA 4.00 15.69 58.00 3.57 52.00 8.90 
Gly GGT 3.00 11. 76 215.00 13.22 125.00 21.39 
Gly GGC 10.00 39.22 1159.00 71.28 362.00 61.93 

Glu GAG 8.00 31.37 354.00 21. 77 267.00 45.68 
Glu GAA 7.00 27.45 313.00 19.25 106.00 18.14 
Asp GAT 6.00 23.53 331.00 20.36 94.00 16.08 
Asp GAC 6.00 23.53 458.00 28.17 272. 00 46.54 

Val GTG 8.00 31.37 792.00 48. 71 247.00 42.26 
Val GTA 0.00 0.00 43.00 2.64 22.00 3.76 
Val GTT 0.00 0.00 94.00 5.78 52.00 8.90 
Val GTC 5.00 19.61 250.00 15.38 214.00 36.61 

Ala GCG 6.00 23.53 635.00 39.06 236.00 40.38 
Ala GCA 5.00 19.61 237.00 14.58 51.00 8.73 
Ala GCT 2.00 7.84 119.00 7.32 64.00 10.95 
Ala GCC 12.00 47.06 1013.00 62.30 334.00 57.14 

Lys AAG 17.00 66.67 321.00 19.74 212.00 36.27 
Lys AAA 3.00 11. 76 78.00 4.80 31.00 5.30 
Asn AAT 2.00 7.84 149.00 9.16 17.00 2.91 
Asn AAC 2.00 7.84 291.00 17.90 163.00 27.89 

Met ATG 6.00 23.53 85.00 16.03 92.00 15.74 
Ile ATA 1.00 3.92 7.00 1.32 7.00 1.20 
Ile ATT 2.00 7.84 31.00 5.84 35.00 5.99 
Ile ATC 10.00 39.22 165.00 31.11 190.00 32.51 

Thr ACG 9.00 35.29 328.00 20.17 75.00 12.83 
Thr ACA 0.00 o.oo 67.00 4.12 18.00 3.08 
Thr ACT 0.00 o.oo 72.00 4.43 26.00 4.45 
Thr ACC 5.00 19.61 652.00 40.10 239.00 40.89 

Trp TGG 10.00 39.22 205.00 12.61 72 .00 12.32 
End TGA 1.00 3.92 29.00 1. 78 11.00 1.88 
Cys TGT 1.00 3.92 10.00 0.62 9.00 1. 54 
Cys TGC 2.00 7.84 132.00 8.12 36.00 6.16 

End TAG o.oo 0.00 0.00 0.00 2.00 0.34 
End TAA o.oo o.oo 8.00 0.49 2.00 0.34 
Tyr TAT 7.00 27.45 104.00 6.40 19.00 3.25 
Tyr TAC 5.00 19.61 255.00 15.68 96.00 16.42 

Phe TTT 2.00 7.84 75.00 4.61 16.00 2.74 
Phe TTC 8.00 31.37 297.00 18.27 134.00 22.93 
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Table 12 (continued) 

IS6100 Xanthomonas Mycobacterium 

AmAcid Codon No.h /1oooc No. /1000 No. /1000 

Ser AGT 0.00 0.00 116. 00 7.13 16.00 2.74 
Ser AGC 4.00 15.69 503.00 30.94 94.00 16.08 
Ser TCG 4.00 15.69 245.00 15.07 113.00 19.33 
Ser TCA o.oo o.oo 44.00 2. 71 22.00 3.76 
Ser TCT 0.00 0.00 36.00 2.21 8.00 1.37 
Ser TCC 0.00 o.oo 161.00 9.90 61.00 10.44 

Arg AGG 1.00 3.92 38.00 2.34 13.00 2.22 
Arg AGA 1.00 3.92 15.00 0.92 3.00 0.51 
Arg CGG 8.00 31.37 177.00 10.89 115. 00 19.67 
Arg CGA 2.00 7.84 41.00 2.52 34.00 5.82 
Arg CGT 1.00 3.92 159.00 9.78 39.00 6.67 
Arg CGC 14.00 54.90 639.00 39.30 144.00 24.64 

Gln CAG 5.00 19.61 735.00 45.21 144.00 24.64 
Gln CAA o.oo o.oo 132.00 8.12 31.00 5.30 
His CAT 3.00 11. 76 143.00 8.80 30.00 5.13 
His CAC 4.00 15.69 191.00 11. 75 71.00 12.15 

Leu TTG 1.00 3.92 316.00 19.44 84.00 14.37 
Leu TTA 0.00 0.00 22.00 1.35 10.00 1. 71 
Leu CTG 14.00 54.90 1099.00 67.59 272. 00 46.54 
Leu CTA o.oo 0.00 30.00 1.85 23.00 3.93 
Leu CTT 2.00 7.84 58.00 3.57 27.00 4.62 
Leu CTC 4.00 15.69 229.00 14.08 85.00 14.54 

Pro CCG 6.00 23.53 548.00 33.70 155.00 26.52 
Pro CCA o.oo 0.00 86.00 5.29 29.00 4.96 
Pro CCT 1.00 3.92 75.00 4.61 23.00 3.93 
Pro CCC 4.00 15.69 196.00 12.05 96.00 16.42 

"Total number of codons: IS6100, 255; Xanthomonas, 15,606; 

Mycobacterium, 5,845. 

bThe frequency each codon occurred in the examined 

sequences. 

~he frequency a specific codon would occur per 1000 

codons. 
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using the UWGCG program CodonFrequency (69). The formula used in analysis by 

Correspond is: 

D2 = [Frequency (codon table I) - Frequency(codon table 2l 

The D2 statistic decreases as patterns of codon usage become more similar. Analysis 

using Correspond indicated a greater similarity between the codon usage of the 

putative transposase of IS6100 and that of the two gram-negative genera 

(Xanthomonas and Pseudomonas) than the three gram-positive genera (Bacillus, 

Mycobacterium and Streptomyces) (Table 13). 

TABLE 13. Correspond analysis of codon usage tables 

from the putative transposase gene of IS6100 with codon 
usage tables from five bacterial generaa 

Organism 

Xanthomonas campestris 
Pseudomonas spp. 
Mycobacterium spp. 
streptomyces spp. 
Bacillus subtilis 

0.952 
1.128 
1.577 
2.796 
3.984 

• The values reported are the 0 2 statistic 
which was calculated using the UWGCG program 
Correspond (Grantham et al., 1981). 

The presence of identical copies of IS6100 among such taxonomically distinct 

genera as Flavobacterium, Mycobacterium, and Xanthomonas suggests this element 

has been disseminated both widely and recently among gram-negative and gram-
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positive bacteria. Although it was once considered unlikely that conjugal transfer of 

plasmids could occur between gram-negative and gram-positive bacteria, many studies 

have demonstrated conjugation between these groups in vitro (89,127,154,155,1960 

and in vivo (70). Evidence of recent natural transfer events comes from the close 

nucleotide sequence identity of the antibiotic-resistance genes aphA-3 and tetO in 

gram-positive cocci and Campylobacter spp. (224,249) and ermBC in gram-positive 

cocci and E. coli (27). In these cases, it was suggested that the natural transfer 

occurred from a gram-positive bacterium to a gram-negative bacterium. This was 

considered likely because antibiotic-resistance genes from gram-positive bacteria are 

usually expressed in gram-negative bacteria whereas the reverse is usually not true 

(116). In M. fortuitum, the composite transposon Tn610 consists of two copies of 

IS6100 flanking genes similar to the integrase and sulfonamide-resistance (sull) gene 

of Tn1696, a transposon isolated from f. aeruginosa (241). Furthermore, sull 

contains part of the conserved sequence from integrons, elements which are 

widespread in gram-negative bacteria (213). Thus, the available data regarding 

IS6100 suggest that this element was recently transferred from a gram-negative 

bacterium to Mycobacterium. 

It is interesting to consider the dissemination of IS6100 among gram-negative 

bacteria and between gram-negative bacteria and M. fortuitum. The conjugal transfer 

of a shuttle plasmid, and the transfer of RSF1010 between E. coli and M. smegmatis 

(89,127) indicated that M. smegmatis can receive and express DNA from a gram­

negative source. Recently, Mariani et al. characterized a family of IS elements 
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present in M. tuberculosis and soil-inhabiting plant pathogenic bacteria such as 

Agrobacterium tumefaciens and Rhizobium meliloti and suggested that DNA transfer 

among these diverse organisms may have involved the transfer of broad-host-range 

plasmids from an organism such as F_. cepacia (150). The transfer of IS6100 to 

diverse organisms probably occurred in soil. M. fortuitum is a common soil 

organism, and the nylon-degrading Flavobacterium sp. was also isolated from soil 

(110). Furthermore, gram-negative bacteria containing Tn5393 are indigenous to soil 

in some regions (170). Our data suggest the transposition of IS6100 into Tn5393 

probably occurred within a gram-negative organism similar to X. campestris which 

acquired Tn5393 and harbored IS6100 in another genomic location. 

(c) Conclusions 

(1) IS6100, a member of the IS,6 family which is widely distributed among gram­

negative and gram-positive bacteria, was detected upstream of the smr genes strA/strB 

within the tnpR gene of Tn5393 in X. campestris pv. vesicatoria. 

(2) Analysis of the codon usage of the putative transposase gene of IS6100 

indicated that the codon usage was more similar to that of X. campestris and 

Pseudomonas spp. than three gram-positive genera. The detection of identical copies 

of IS6100 in gram-negative bacteria and M. fortuitum suggests this IS element was 

recently disseminated from gram-negative to gram-positive bacteria. 



CHAPTER VII 

GENETIC ANALYSES OF SEQUENCES DIRECTING EXPRESSION OF 

THE strA/strB STREPTOMYCIN-RESISTANCE GENES IN 

PSEUDOMONAS SYRINGAE AND XANTHOMONAS CAMPESTRIS 

SUMMARY 

Nucleotide sequence analysis of regions upstream of the strA/strB streptomycin­

resistance genes on Tn5393 indicated the resolvase/repressor gene (tnpR) and the 

recombination site (res) shared 100% sequence identity with the same genes from 

Tn5393 in Erwinia amylovora. DNA fragments upstream of strA in Pseudomonas 

syringae and Xanthomonas campestris were assayed for promoter activity using a {3-

glucuronidase expression vector. A strong promoter sequence was located within the 

recombination site (res) of Tn5393 in ;f. syringae; expression from this promoter was 

reduced = 5 fold if the tnpR resolvase/repressor gene was also expressed. The 

transcriptional start site within res was determined using primer extension; a putative 

promoter sequence was identified seven bp upstream of the start site. An additional 

putative promoter sequence, located within strA, was also involved in the expression 

of streptomycin resistance in ;f. syringae. In X. campestris, the insertion sequence 

IS6100, located within tnpR upstream of strA, increased expression 46% relative to 

the promoter sequence within res. The additional putative promoter sequence in ;f. 

110 
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syringae was not active in X. campestris. 

The aminoglycoside antibiotic streptomycin has been utilized in agriculture since 

the late 1950s to control populations of phytopathogenic bacteria. The effectiveness 

of streptomycin, however, has been reduced due to the appearance of resistance in 

strains of several important phytopathogens (47). Plasmid-encoded streptomycin­

resistance (Sm1) determinants have been cloned and characterized (41,163a,170,215). 

Hybridization analyses indicated that the Smr determinant present in E. amylovora, f. 

syringae pv. papulans, f. syringae pv. syringae, and X. campestris pv. vesicatoria 

strains isolated in Michigan, New York, Oklahoma, and Argentina, respectively, were 

similar (215). Subsequently, this Smr determinant was identified as a homolog of the 

tandem strA/strB aminoglycoside phosphotransferase genes which are also present on 

small nonconjugative plasmids such as RSF1010 (198,215). In E. amylovora, the 

strA/strB homologs were contained on Tn5393, a 6. 7-kb transposon belonging to the 

Tn.3. family (41). Nucleotide sequence analysis demonstrated the strA/strB genes from 

Tn5393 shared 99.8% sequence identity with those on RSF1010 (41). Tn5393 also 

appears to be widely disseminated among gram-negative bacteria inhabiting plant 

surfaces and soil in agricultural systems in regions where streptomycin is utilized as a 

bactericide (170,209). 

Although Smr E. amylovora, f. syringae, and X. campestris each contain 

plasmid-encoded strA/strB homologs, the minimal inhibitory concentration (MIC) of 
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streptomycin is distinctly different among these bacteria. Reported MICs of 

streptomycin are 500 µg/ml in E. amylovora (41), 75 µg/ml inf. syringae pv. 

syringae (215), and less than 400 µg/ml in X. campestris pv. vesicatoria (163a). The 

location of promoter sequences directing expression of the strA/strB genes within 

Tn5393 is unknown. Previous sequence analysis has shown that the transcription 

signals for strA/strB in RSF1010 (198) were not present in DNA upstream of the 

strA/strB homologs in Tn5393 (41). In E. amylovora and E. herbicola, an insertion 

sequence element, IS1133, was detected upstream of the strA/strB genes and deletion 

analysis suggested a promoter sequence present within IS1133 was responsible for 

expression of these genes (41). IS1133, however, was only detected in E. amylovora 

and E. herbicola, and was not present in a collection of diverse gram-negative 

bacteria known to contain Tn5393 (41). Recently, IS6100 was detected upstream of 

strA/strB within Tn5393 in X. campestris pv. vesicatoria (Chapter VI), although the 

role of IS6100 in the expression of streptomcyin resistance in this organism has not 

been established. 

Tn5393 is similar to elements of the Tn.3. subgroup of the Tn.3. family and Tn2501 

(91), in that the transposase (tnpA) and resolvase (tnpR) genes are transcribed 

divergently from two promoters located on opposite DNA strands in a 135-bp central 

intergenic region termed the recombination site, or res (200). In Tn.3., the resolvase 

protein (TnpR) is a negative regulator of transcription of both tnpA and tnpR, acting 

as a repressor through binding to res (42,86). The ampicillin-resistance gene (Qla) of 

Tn.3. is located downstream of tnpR; transcription of bla is initiated 34 bp upstream 
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from the translational initiation codon from a promoter sequence located within the 

tnpR - bla intergenic region (37,240). In Tn5393 inf. syringae, however, it is 

unknown whether transcription of strA/ strB is initiated within res or within the 65 bp 

intergenic region between tnpR and strA. The relatively low MIC of streptomycin in 

f. syringae (75 µg/ml) indicated the possibility that strA and strB could be transcribed 

along with tnpR from the tnpR promoter, which is normally repressed. 

Our objective in this study was to analyze the expression of strA/strB inf. 

syringae pv. syringae and X. campestris pv. vesicatoria. In this study, we 

characterized two putative promoter sequences involved in the expression of the 

strA/strB genes inf. syringae pv. syringae. We also determined the role of IS6100 

in the expression of the strA/strB genes in X. campestris pv. vesicatoria. 

MATERIALS AND METHODS 

Bacterial strains, plasmids, and media. The bacterial strains and plasmids and 

their relevant characteristics are listed in Table 14. Plasmids were propagated in E. 

coli DH5a or HB101 prior to transfer into f. syringae pv. syringae FF5. E. coli 

strains were cultured in LB medium (162) at 37 C; f. syringae, and X. campestris 

were grown in medium B of King et al (109), and nutrient agar (NA) (Difeo; Detroit, 

MI), respectively at 28 C. Following triparental matings, f. syringae recipients were 

selected on mannitol-glutamate medium (108). The antibiotics ampicillin, 

spectinomycin, and streptomycin were added to media at concentrations of 40, 25, 

and 25 µg/ml respectively. 

Cloning and sequencing of regions of Tn5393 from ~. syrineae. A cosmid 
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TABLE 14. Bacterial strains and plasmids and their relevant 

characteristics. 

Strains, plasmids 

Bacterial strainsa 

Escherichia coli 

DH5a 

HB101 

Pseudomonas syringae 

pv. syringae 

FF5 

A2 

Xanthomonas campestris 

pv. vesicatoria 

BV5-4a 

XV16 

Relevant characteristics 

wild-type, no detectable 

plasmids 

Cu' Sm'; pPSRl 

Sm'; strA/strB on 68-kb plasmid 

wild-type, no detectable plasmids 

Reference 

147 

147 

215 

215 

163a 

84 

Plasmids 

pBluescript SK+ 

pLAFR3 

Ap' Stratagene 

pRG960sd 

pRK2013 

pPSRl 

pPSRl.7 

pPSR5 

pSMl 

pSM7 

pGWSl 

pGWS2 

IncPl, Tc', Mob+ 

IncP, sm/Sp', Mob+, promoterless 

uidA and Shine and Dalgarno 

sequence 

Mob+, Km', Tra RK2 

Cu' Sm', Tn5393 

pLAFR3 containing a 22-kb Sau3A 

pPSRl fragment ligated into the 

BamHI site 

Sm', Tn5393 

3.7-kb PstI of pPSRl in pBluescript 

SK+ 

2.8-kb EcoRV of pPSRl.7 in 

pBluescriptSK+ 

4.5-kb EcoRI of pPSRl.7 in 

pBluescriptSK+ 

3.7-kb EcoRV of 68-kb Sm' plasmid 

212 

226 

79 

215 

This study 

215 

215 

This study 

This study 
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Table 14 (continued) 

Strains, plasmids Relevant characteristics Reference 

from BV5-4a in pBluescript SK+; 

T7 orientation This study 

pGWS3 3. 7-kb EcoRV of 68-kb Sm' plasmid 

from BV5-4a in pBluescript SK+; 

T3 orientation This study 

pGWS4 2.2-kb HindIII of pGWS3 in 

pBluescript SK+ This study 

pGWS6 0.4-kb Smar - EcoRV of pGWSl in 

pRG960sd This study 

pGWS8 1.45-kb RsaI of pSM7 in pRG960sd This study 

pGWS9 0.9-kb smaI - RsaI of pSMl in 

pRG960sd This study 

pGWSlS 1.2-kb EcoRV - SspI of pGWSl in 

pRG960sd This study 

pGWS20 0.9-kb NruI of pGWS3 in pRG960sd This study 

pGWS21 0.6-kb EcoRV - SspI of pGWS4 in 

pRG960sd This study 

pGWS32 2.0-kb EcoRV - SstI of pGWS2 in 

pRG960sd This study 

library was constructed from the 68-kb Cur Smr plasmid pPSRl isolated from f. 

syringae pv. syringae A2. pPSRl was partially digested with Sau3A generating 

fragments approximately 20-kb in size; these fragments were ligated into pLAFR3, 

which was prepared as described previously (212). Cosmids were packaged using an 

in vitro packaging kit (Boehringer Mannheim; Indianapolis, Ind.), and introduced into 

:fl. coli HB101 by transfection according to the instructions of the manufacturer. 

Cosmid clones were mobilized into the wild-type strain f. syringae pv. syringae FFS 

via triparental matings using the helper plasmid pRK2013 as previously described 
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(79); selection of recipients was aided by the intrinsic ampicillin resistance of FF5. 

pPSRl. 7, a cosmid clone which expressed streptomycin resistance in FF5, was 

utilized to construct a restriction map of Tn5393 from pPSRl. Subclones from 

pPSRl. 7 were constructed in pBluescript SK+, and nucleotide sequence analysis of 

both DNA strands was done using Sequenase 2.0 (U.S. Biochemical; Cleveland, OH) 

following the instructions of the manufacturer. 

Construction and analysis of strA-uid.A fusions. Clones consisting of various 

regions of DNA upstream from strA/strB in~- syringae and X. campestris were 

constructed by ligating fragments into the promoter probe vector pRG960sd. In some 

cases, fragments were first cloned into pBluescript SK+, and adjacent blunt end 

restriction sites from the polylinker were utilized for cloning into pRG960sd. Clones 

were mobilized into ~- syringae pv. syringae FF5 and X. campestris pv. vesicatoria 

XV16 via triparental mating and electroporation (84), respectively. Prior to 

processing, cells were grown overnight in KB and nutrient broth, respectively, 

containing spectinomycin. 

/j-glucuronidase (GUS) activity in bacteria grown in liquid medium was 

determined fluorometrically by monitoring the ability of bacterial lysates to catalyze 

the hydrolysis of 4-methylumbelliferyl glucuronide (102). Late-logarithmic phase 

cultures were harvested, suspended in GUS extraction buffer (102), and lysed by 

sonication. GUS activity, reported as specific activity (units per milligram protein) 

was determined essentially as previously described (244). Methylumbelliferone was 

estimated using a Fluoroskan spectrofluorometer (ICN). Protein in the bacterial 
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lysates was determined by the procedure of Bradford (26). Lysates of ;f. syringae pv. 

syringae FF5 and X. campestris pv. vesicatoria XV16 containing pRG960sd were 

utilized as negative controls in each experiment. 

Analysis of the transcriptional start site located within res in ;e. syrin2ae pv. 

syringae. Total cellular RNA from 250 ml overnight cultures of ;f. syringae pv. 

syringae FF5 containing pPSR5 was isolated using a published procedure (147). 

Primer extension reactions were conducted in a reaction mixture containing 100 mM 

Tris-HCl (pH 8.3), 140 mM KCl, 50 mM MgC12, 10 mM dithiothreitol, 5 mM each 

of dATP, dGTP, and dTTP (Boehringer Mannheim), 10 µCi [a-32P]-dCTP, 32 U 

RNasin (ProMega Corp.; Madison, Wisc.), and 9.6 U AMY reverse transcriptase 

(U.S. Biochemical). Prior to addition to the mixture, 20 µg RNA and 20 ng of the· 

synthetic oligonucleotide primer 5'- TGTCCCGTTCGACACCTG -3' (Oklahoma 

State University Molecular Biology Core Facility) were mixed, boiled for 1 min, and 

chilled quickly on ice. The reaction mixture was incubated at 42 C for 30 min, 0.3 

µm of dNTP's was added, and the mixture was incubated an additional 30 min at 30 

C. After incubation, the reaction mixture was extracted with 

phenol:chloroform:isoamyl alcohol (25:24:1) and precipitated with ethanol. The 

primer extension reaction mixture was loaded on an 8 % polyacrylamide-urea 

sequencing gel adjacent to sequencing reactions of pGWSl which were generated with 

the same oligonucleotide primer. 

RESULTS 

A cosmid library of the Cur Smr plasmid pPSRl from £, syringae pv. syringae A2 
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was constructed in the vector pLAFR3. Three cosmid clones which expressed 

streptomycin resistance in FF5 were identified, and the clone pPSRl. 7 was chosen for 

analysis. Genetic maps of Tn5393 from E. amylovora (41), ;e. syringae pv. syringae, 

and X. campestris pv. vesicatoria (Chapter VI) were compared (Fig. 14). Nucleotide 

sequence analysis of 1,864 nucleotides was done in ;e. syringae from the Sau3A site 

[nucleotide number 1,921 from the published sequence of Chiou and.Jones (41)] 

through nucleotide 5,020 which is withinthe .. strA gene.,i This sequencewasidentical 

to that in E. amylovora with the exception that the 1,235 bp insertion sequence 

element IS1133, and the sequence TAG, duplicated upon insertion of IS1133, were 

not present in ;e. syringae. The nucleotide sequence of the 1,864 bp region from ;e. 

syringae pv. syringae was also identical to that from X. campestris pv. vesicatoria 

except that the 880-bp IS element IS6100 and the 8-bp duplication ACAATATC 

within the tnpR gene were not present in ;e. syringae (217). The Sstl site at position 

414 within tnpA ( 41) was conserved within Tn5393 in ;e. syringae pv. syringae and 

X. campestris pv. vesicatoria (Fig. 14) (217). 

Quantification of strA promoter activity in~- syrin2ae and X. campestris. 

Analysis of expression of strA:uidA fusions in ;e. syringae indicated a strong 

promoter sequence was located within the 0.4-kb Pstl fragment which encompassed 

res. Expression of GUS activity in FF5 containing this clone was = 136X that of 

FF5 containing pRG960sd alone (Fig. 15A). This promoter is also apparently 

/ 
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Fig. 14. Genetic maps of Tn5393 from Erwinia amylovora (41) , Pseudomonas 
syringae pv. syringae, and Xanthomonas campestris pv. vesicatoria (Chapter VI). 
Genes which have been characterized are boxed; open boxes refer to genes which 
have been partially sequenced. IR = inverted repeat, tnpA = transposase, tnpR = 
resolvase, res = recombination site, strA and strB are aminoglycoside 
phosphotransferase genes, E = EcoRV, S = Sstl. Putative promoter sequences 
detected within Tn5393 in E. amylovora and the direction of transcription are 
identified by arrows. 
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responsible for the expression of tnpR. The effect of TnpR as a repressor was 

observed in :e_. syringae containing pGWS8, a clone which included an intact tnpR 

sequence, as the expression level was reduced =5-fold (Fig. 15A). The expression 

of streptomycin-resistance from Tn5393 in ;e.. syringae pv. syringae appeared to be 

enhanced by additional sequences located near the translational initiation site of strA. 

GUS activity in FF5 containing pGWS9, a clone which contains sequences 

downstream of res through 108 bp within strA, was = 20X that of the control, while 

GUS activity in FF5 containing pGWS 15, a clone containing res sequence through 12 

bp within strA, was only =5X that of the control (Fig. 15A). 

In X. campestris, GUS activity within the 0.4-kb Pstl fragment was only 2.5X 

that of the control (Fig. 15B; pGWS6), while GUS activity expressed from pGWS32, 

a clone which contained intact res and IS6100 sequences, was =3.7X that of the 

control (Fig. 15B). However, only background levels of expression were observed 

from pGWS20 and pGWS21, clones which contained the right 14 and 146 bp, 

respectively, of IS6100 (Fig. 15B). 

Analysis of the transcriptional start site located within res in ~- syrin1:ae pv. 

syringae. An 18-bp synthetic oligonucleotide corresponding to the opposite strand 10 

bp downstream of res was utilized to synthesize a cDNA from total cellular RNA of 

;e.. syringae pv. syringae FF5 containing pPSR5, a 68-kb Smr plasmid which harbors 

Tn5393. A single primer extension product was observed which indicated 

transcription was initiated within res, 106 bp upstream from the AUG translational 

start codon of tnpR (Fig. 16). 
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Fig. 15. Analysis of {j-glucuronidase (GUS) activity determined fluorimetrically from 
lysates of (A) ;e. syringae pv. syringae FF5 and (B) X. campestris pv. vesicatoria 
XV16 containing strA-uidA fusion clones. GUS activity is reported as specific 
activity (units per milligram protein) + the standard deviation of the mean of two 
replicates from two independent experiments. tnpA = transposase, res = 
recombination site, tnpR = resolvase, strA = aminoglycoside phosphotransferase 
genes of Tn5393. E = EcoRV, H = HindIII, N = Nrul, P = Pstl, R = Rsal, S = 
sm1, T = Sstl. 
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Fig. 16. Determination of the transcriptional start site of strA by primer extension. 
The 32P-labeled cDNA product was electrophoresed in parallel with GI A/TIC 
sequence reactions generated using the same primer. 
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DISCUSSION 

The Smr transposon Tn5393 and variants has been detected in three genera of 

phytopathogenic bacteria, and many genera of gram-negative bacteria isolated within 

North and South America (41,170,209,Chapter VI). Our data extend the range of 

Tn5393 to strains of f. syringae pv. syringae isolated from ~ calleryana in 

Oklahoma. The origin of Tn5393 is unknown, although the presence of a sequence 

downstream of strB within RSF1010 (198) which shares 77/81 bp sequence identity 

with IR-53930 (41) suggests this transposon was present on other plasmids besides 

those recently characterized in environmental bacterial isolates. 

Analysis of strA:uidA fusions in f. syringae pv. syringae FF5 indicated a strong 

promoter sequence was located within a 400-bp Pstl fragment encompassing res; GUS 

activity was markedly reduced when fusion clones included an intact copy of tnpR. 

The function of TnpR as a repressor, and its negative effect on the expression of 

downstream genes has been shown previously for Tn.3, (42,86,96). The clones 

pGWS8 and pGWS15 only differed by an additional 94-bp sequence within pGWS8 

which was downstream from the Sspl site within strA. GUS activity in FF5 

containing pGWS8, however, was =5.5X greater than in FF5 containing pGWS15. 

When combined, GUS activity of pGWS9 and pGWS 15 was approximately equal to 

that of pGWS8. The results suggested the 94-bp sequence downstream of the Sspl 

site within strA contained additional sequences involved in expression of streptomycin 

resistance inf. syringae. Putative -35 (TTGAAT) and -10 (TTTGGT) sequences, 

which would be disrupted by an Sspl digest, were detected within strA (Fig. 17). 



124 

These sequences are present within pGWS8 and pGWS9, but not pGWS15. 

Analysis of strA:uidA fusions in X. campestris pv. vesicatoria XV16 indicated 

expression from the 0.4-kb Pstl fragment in pGWS6 was highly reduced compared to 

;e. syringae pv. syringae. Also, GUS activity was not observed from pGWS20, a 

clone which contained the putative promoter sequence which was present in pGWS8 

and pGWS9. These results suggest that some promoter sequences which are active in 

£. syringae do not function in X. campestris. Expression from a clone containing an 

intact copy of IS6100 was 46% higher than that from pGWS6 alone, indicating that 

the presence of IS6100 increased the expression of streptomycin resistance in X. 

campestris pv. vesicatoria. The overall low measurements of GUS activity in X. 

campestris compared to ;e. syringae may have been affected by the presence in cell 

lysates of the yellow nondiffusible pigment xanthamonadin produced by Xanthomonas 

spp. Activation of transcription of downstream genes by other members of the IS~ 

family occurs from the creation of a hybrid promoter comprised of a -35 sequence 

present in the right inverted repeat of the IS element and a -10 sequence downstream 

of the insertion site (82). However, GUS activity was not observed from two clones, 

pGWS20 and pGWS21, which contained the right inverted repeat and upstream 

sequences within IS6100. Thus, another sequence within IS6100 functioned as a 

promoter in X. campestris pv. vesicatoria. The nature of this sequence is currently 

unknown since the putative promoter sequences from £. syringae, which are similar 

to consensus E. coli and Pseudomonas promoter sequences (68,95), were 

nonfunctional in X. campestris. 
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Primer extension analysis of the transcriptional start site within res in ;e. syringae 

pv. syringae yielded a single cDNA product. Transcription was initiated at a guanine 

nucleotide located 108 hp upstream· from the translational initiation codon of tnpR. 

Putative -35 (TTGTGG) and -10 (GTCAAT) sequences, which were similar to that of 

known Pseudomonas <J70 promoters (68), were identified within the res sequence, 

seven bp upstream of the transciptional initiation site (Fig. 18). This sequence 

differed from a putative E. coli <J70 promoter sequence previously identified within res 

of Tn5393 (41). 

The expression of resistance genes from transposons is an important component of 

their selective value in dissemination into new genera. Tn5393 confers streptomycin 

resistance to ;e. syringae pv. syringae to a level of 75 µg/ml, which is high enough to 

provide a selective advantage to cells on plant surfaces sprayed with streptomycin 

(216). In X. campestris pv. vesicatoria, in which the promoter sequence located 

within res only functions at a low level, the problem of expression of streptomycin 

resistance has apparently been circumvented through the insertion of IS6100 within 

the transposon which enhances expression of strA/strB. A promoter sequence present 

in the right end of IS 1133 upstream of strA in E. amylovora apparently increased the 

expression of streptomycin resistance in this organism (41). Thus, Tn5393 is a 

versatile transposon which is capable of acquiring IS elements to increase the 

expression of the Smr determinant in different bacterial genera. The wide 

dissemination of Tn5393 provides further evidence of the emerging importance of 

phytopathogenic bacteria as potential reservoirs of antibiotic resistance determinants in 
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the environment. 

1 TAGCAACTCGTTTCTTTTCGCAGGTTGAGCCACCTCCGCGCTTCATCAGA 50 

-35 -10 
• SspI 

51 AAACTGAAGGAACCTCCATTGAATCGAACTAATATTTTTTTTGGTGAATC 100 

101 GCATTCTGACTGGTTGCCTGTCAGAGGCGGAGAATCTGGTGATTTTGTTT 150 

NruI. 
151 TTCGACGTGGTGACGGGCATGCCTTCGCGA 180 

Fig. 17. Identification of a putative promoter sequence within the intergenic region 
between the resolvase (tnpR) gene and the coding sequence of the streptomycin­
resistance gene strA on Tn5393. The termination codon of tnpR (position 1) is shown 
in underlined bold characters. A putative u70 promoter is shown in overlined bold 
characters. The initiation codon of strA (TTG - position 70) is also the first three 
nucleotides of the putative -35 sequence. 
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1 ACATGTTCCTTTTTCAAAATCTGATAGCGTTCAAGACGCTTTGTTTATGA 50 

-35 -10 
* 

51 AGCTGGTTGAGATACATTTCCAGAGGTCAATGCAATCGTGGCCGAAGCGC 100 

101 CGCCTCAAACCAACGTTTGTGATACATGCTGATCGGATATGCCCGCGTCT 150 

151 CCAAAGCCGATGGCTCGCAGTCTCTCGACCTGCAGCACGACGCCTTGCGC 200 
tnpR-+ 

201 GCCGCAGGTGTCAACGGGACA 221 
3' - GTCCACAGTTGCCCTGT - 5' 

Fig. 18. Nucleotide sequence of the recombination site (res) and partial sequence of 
the tnpR gene of Tn5393 from Pseudomonas syringae pv. syringae A2. The 
transcriptional start site is shown by the asterisk. A putative <J70 promoter is shown in 
overlined bold characters. The translational initiation codon of tnpR (position 196) is 
shown in underlined bold characters. The sequence of the oligonucleoti.de primer 
utilized in the primer extension reaction is indicated, and is the complement of 
nucleotides 205 - 221. 



CHAPTER VIII 

DETECTION OF SEQUENCES FROM THE STREPTOMYCIN-RESISTANCE 

TRANSPOSON TN5393 IN DIVERSE PHYLLOPLANE AND SOIL 

BACTERIA IN MANAGED AGRICULTURAL ECOSYSTEMS 

SUMMARY 

Hybridization analyses were conducted to determine if the transposon Tn5393, 

which encodes streptomycin-resistance in three genera of phytopathogenic bacteria, 

was also present in diverse phylloplane and soil bacteria from ornamental pear 

nurseries and tomato fields. Streptomycin was utilized as a bactericide prior to 

sampling in two of the nurseries, but was never applied to the tomato fields. Tn5393 

sequences were present in 20% and 11 % of the streptomycin-resistant gram-negative 

phylloplane and soil isolates, respectively, from the ornamental pear nurseries. The 

highest concentration of Tn5393-containing bacteria was from a nursery in which 

streptomycin was heavily utilized. Tn5393 sequences were present in 22 % and 10% 

of the streptomycin-resistant gram-negative phylloplane and soil isolates, respectively, 

from the tomato fields. The data imply that Tn5393 is widespread in environmental 

bacteria, and may be selected and ultimately transferred to populations of 

phytopathogenic bacteria inhabiting agricultural crops on which streptomycin is 
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utilized. 

The appearance of phytopathogenic bacteria with resistance to the bactericide 

streptomycin on agricultural crops is of concern due to the possibility of disease 

control failures in crop production, and because of the possible impact of 

streptomycin-resistant (Sm, bacteria on human health. Streptomycin resistance in 

phytopathogenic bacteria is conferred by at least two determinants. Homologs of the 

strA/strB determinant from plasmids such as RSF1010 (198) have been detected in 

Erwinia amylovora (41), and in£. syringae pv. papulans, £. syringae pv. syringae, 

and X. campestris pv. vesicatoria (215). The Smr determinant is associated with a 

transposon, Tn5393, in each of these organisms ( 41, Chapter VII). A possible second 

Sm1 determinant has not been characterized and only presumed to exist because some 

Smr strains of £. syringae pv. papulans and X. campestris pv. vesicatoria have been 

isolated which did not hybridize to DNA probes containing portions of the strA/strB 

homologs (104,163a). Additionally, a chromosomal mutation conferring streptomycin 

resistance has been described in some strains of E. amylovora (199). 

The importance of gene transfer in the evolution of antibiotic resistance (Ab, in 

clinical bacteria is illustrated by the wide dissemination of individual Ab1 determinants 

among unrelated bacterial genera. Among pathogenic and nonpathogenic organisms 

inhabiting the same environment, the frequency of Abr was higher among 

nonpathogens (134). The Ab1 nonpathogenic strains comprise a natural reservoir of 

resistance plasmids and genes which can ultimately be disseminated to pathogenic 
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strains (134). The introduction of specific Ahr determinants to pathogenic genera is 

often accomplished via acquisition of the determinant from resident, nonpathogenic 

bacteria. Another problem confounding the use of antibiotics in medicine is the 

selection of multiple antibiotic resistance following the continued administration of a 

single antibiotic (43,135). Although observed in many instances, the evolutionary 

basis for this phenomenon is not well understood. 

The aminoglycoside antibiotic streptomycin is registered for use in agriculture for 

management of diseases caused by phytopathogenic bacteria. However, bactericides 

applied to plant surfaces impact nontarget, indigenous bacteria as well as the 

phytopathogens. The effect of streptomycin bactericides on surface populations of 

phytopathogenic bacteria is well known; however, there is only limited evidence 

concerning the effect of streptomycin on the entire phylloplane and soil microbial 

community (6,145,164). Recently, Norelli et al demonstrated that smr nontarget 

bacteria were present in leaf and soil samples from apple orchards in which 

streptomycin was previously applied, and from some orchards where streptomycin 

was previously applied (170). A total of 39% of the gram-negative isolates contained 

DNA which hybridized to a probe containing a portion of the strA gene from the 

apple pathogen, ;f. syrin~ae pv. papulans (170), indicating the Smr determinant from a 

phytopathogenic bacterium was also present among nontarget gram-negative bacteria 

which co-inhabit apple orchards. Also, sequences from Tn5393 were detected in 

gram-negative bacteria isolated from leaf surfaces in apple orchards in Michigan 

(209). Norelli et al proposed that the strA/strB Smr determinant was initially selected 
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in nontarget bacteria and subsequently disseminated into the phytopathogen population 

(170). 

In Oklahoma, streptomycin bactericides are regularly applied to tree crops in 

many nurseries. In previous studies from our laboratory, we identified Smr strains of 

the tree pathogen f. syringae pv. syringae (215), and determined that Smr strains 

harbored a plasmid-encoded copy of Tn5393 (Chapter VII). The objectives of this 

study were to determine if sequences from Tn5393 were present in nontarget bacteria 

inhabiting ornamental pear nurseries. We were also·interested in the distribution of 

Tn5393 in regions which had not been exposed to streptomycin, and therefore 

included bacterial populations inhabiting tomato fields. In hybridization analyses, we 

utilized probes which were specific for the strA/strB genes, or the transposase (tnpA) 

and resolvase (tnpR) genes from Tn5393. Also, we tested the hypothesis that 

persistent antibiotic usage selects multiple antibiotic resistance by examining the 

isolates recovered in the study for resistance to tetracycline. 

MATERIALS AND METHODS 

Bacterial strains, plasmids, and media. The medium used for isolation of 

bacteria from plant and soil samples was nutrient agar (Difeo; Detroit, MI) amended 

with 100 µg of cycloheximide per ml (NAc) to inhibit fungal growth. NAc medium 

was further amended with 25 µg of streptomycin sulfate per ml (NAcs) or 12.5 µg of 

tetracycline per ml (NAct). f. syringae was cultured at 28 Con medium B of King 

et al (109), and ;E. coli was cultured at 37 Con LB medium (162). The antibiotics 

ampicillin and tetracycline were added to LB medium at concentrations of 40 and 12.5 
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µg/ml, respectively. 

Isolation of bacteria from leaf and soil samples. Ornamental pear (Pyros 

calleryana cv. Aristocrat) nurseries A and B were sampled on 24 June and 15 July 

1992 and on 6 May 1993. Ornamental pear nurseries C, D, and E were sampled on 

6 May 1993. Tomato field I was sampled on 12 August and 26 August 1992 and on 

16 July 1993. Tomato fields II and III were sampled on 16 July 1993. All sites were 

located in Oklahoma; the nurseries were located in Cherokee, Haskell, and Muskogee 

counties, and the tomato fields were located in Oklahoma, Payne, and Tulsa counties 

(Fig. 19). According to information obtained from grower records, streptomycin 

bactericides were applied 15 and 2 times for the two previous years, respectively, in 

nurseries C and D. Streptomycin was not applied in nurseries A, B, and E and 

tomato field I, II, and III. Leaf samples consisted of approximately 200 leaves (2 

leaves per plant) chosen at random. Soil samples consisted of 20 2-cm diameter cores 

to a depth of six cm taken at random locations under the dripline of the trees or 

tomato plants. The leaf and soil samples were each bulked, transported to the 

laboratory on ice, and processed within 12 h. The leaves were cut into approximately 

2 cm2 segments with 1 - 2 of the segments per leaf chosen at random for analysis. 

Five replicate 10-g portions from each leaf sample were separately placed into 500 ml 

flasks containing 100 ml of 0.01 M potassium phosphate buffer (pH 7.0) amended 

with 0.1 % peptone (PK buffer), and washed for 1 hon a rotary shaker at 250 rpm. 

The bulked soil samples were mixed in the laboratory, and five replicate 10-g portions 

from each soil sample were washed in 50 ml PK buffer for 1 h on a rotary shaker at 
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Fig. 19. Location of Pyros caller_yana cv. Aristocrat nurseries (A - E) and tomato 
fields (I - III) in Oklahoma which were sampled in the present study. 
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250 rpm. Aliquots from appropriate serial dilutions of the leaf and soil samples were 

plated on NAc and NAcs, and the samples were incubated at 28 C for 72 h. 

Characterization of bacterial isolates . . Following incubation, colonies appearing 

on NAc and NAcs were enumerated, and randomly-selected colonies were purified for 

phenotypic and genetic analysis. Isolates were characterized as to Gram reaction and 

fluorescence on KB medium; fluorescent isolates were also characterized as to oxidase 

reaction (195). Resistance to tetracycline was determined by patching each isolate to 

NAct medium. Isolates exhibiting confluent growth on NAct were considered 

resistant to tetracycline. Following phenotypic characterization, the isolates were 

maintained at 4 C on NAcs plates. 

Molecular genetic techniques. Plasmids from specified isolates were isolated by 

the procedure of Crosa and Falkow (55). Agarose gel electorphoresis and Southern 

transfers to nylon membranes (Amersham Corp.; Arlington Heights, Ill.) were done 

by standard procedures (147). Specific DNA fragments for cloning or labeling were 

separated on 1 % agarose gels and isolated by electroelution (147). DNA fragments 

used as probes were labeled with digoxigenin-11-dUTP (Genius kit; Boehringer 

Mannheim, Indianapolis, Ind.) as described by the manufacturer. For dot blots, cells 

grown for 12 hon NAcs medium were suspended in PK buffer to an approximate 

density of 108 cells/ml. Nylon membranes were placed on the surface of a NA plate, 

and 0.5 µl of the bacterial suspensions were spotted on the membranes in a 50 spots 

per plate grid pattern. Appropriate positive and negative control cultures were 

included in random locations on each membrane. The inoculated membranes were 
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incubated for 16 hat 28 C and processed by incubating the membrane on filter paper 

prewet with 10% sodium dodecyl sulfate for 5 min, followed by incubation on filter 

paper prewet with 0.5 M NaOH, 1 M NaCl for 15 min. Membranes were then air 

dried, and the DNA was fixed to the membranes with a 5 min exposure to UV light. 

Prehybridizations (minimum 6 hat 68 C), hybridizations at 68 C, and high stringency 

posthybridization washes were conducted as previously described (215). 

Hybridization experiments. DNA-DNA hybridization experiments were 

conducted to determine if DNA homologous with internal regions of the Smr 

transposon Tn5393 were present in miscellaneous epiphytic and soil bacteria from 

agricultural habitats. DNA fragments used as probes were (a) the 1.5-kb SstI -

EcoRV fragment in pSMl containing an internal region of the strA/strB homologs 

from f.. syringae pv. syringae A2 (215); and (b) the 3.2-kb Sstl fragment from pPSRl 

containing an internal region of the transposase (tnpA) and resolvase (tnpR) genes and 

the recombination site (res) of Tn5393 which was cloned from pPSRl from f.. 

syringae pv. syringae A2 (Chapter VII). 

RESULTS 

Isolation of bacteria from leaf and soil samples. Bacterial populations from 

leaf and soil samples from Pyrus calleryana cv. Aristocrat nurseries A - E and tomato 

fields I - III were enumerated on NAc and NAcs. Phylloplane populations recovered 

on NAcs were approximately equivalent on NAc from Nursery C, where streptomycin 

bactericides were the most heavily applied (Table 15). Populations were 

approximately 14 - 79 fold lower on NAcs at Nursery A, and 35 - 6,925 fold lower 
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on NAcs in the other nurseries. Populations recovered from tomato leaves were 

consistently 10 - 1,000 fold higher than those on ;e. caller_yana leaves (Table 15). 

Although streptomycin had not been applied in any of the fields, leaf populations 

recovered on NAcs averaged approximately log10 4.00 cfij/g in each field (Table 15). 

Soil populations recovered from both the ;e. caller_yana nurseries and tomato fields 

were similar, with Smr bacterial populations approximately 10 - 100 fold lower than 

the total populations (Table 15). 

Table 15. Mean bacterial populations (phylloplane and soil samples) 

from Pyrus calleryana cv. Aristocrat nurseries and tomato fields in 

Oklahoma recovered on medium with and without added streptomycin. 

Siteh Sample0 

A 

B 

C 

D 

E 

I 

1 

2 

5 

1 

2 

5 

5 

5 

5 

3 

4 

Bacterial populations recovered" 

Phylloplane 
NAc NAcs 

5.80±0.19 

5.47±0.68 

5.22±0.51 

4.29±0.20 

3.90±0.35 

4.90±0.47 

4.27±0.20 

4.31±0.31 

3.32±0.72 

2.14±0.54 

2.35±0.29 

1. 92±0.43 

5.85±0.17 5.10±0.32 

4.73±0.25 1.70±0.00 

5.66±0.63 1.82±0.24 

7.20±0.13 3.68±0.10 

7.31±0.15 4.18±0.13 

NAc 

6.85±0.14 

6.80±0.11 

6.61±0.24 

· 6. 74±0.06 

6.72±0.03 

6.49±0.07 

7.09±0.14 

6.56±0.02 

6.70±0.10 

7.30±0.08 

7.27±0.10 

Soil 
NAcs 

5.86±0.05 

5.83±0.08 

5.14±0.07 

5.57±0.07 

5.50±0.12 

5.01±0.06 

5.59±0.11 

5.21±0.09 

5.17±0.06 

5.39±0.12 

5.80±0.15 
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Table 15 (continued) 
Bacterial populations recovered" 

Phylloplane Soil 
NAc NAcs NAc NAcs Siteb Sample0 

I 6 6.99±0.16 4.05±0.75 6.77±0.03 5.23±0.09 

II 6 7.37±0.53 4.37±0.17 7.26±0.08 5.69±0.04 

III 6 6.68±0.11 3.39±0.14 7.10±0.36 5.28±0.05 

a The bacterial populations are expressed as log10 cfu/g fresh weight. 

The media used for bacterial isolation from phylloplane and soil 

samples were nutrient agar amended with 100 µg/ml cycloheximide 

(NAc) and NAc amended with 25 µg/ml streptomycin (NAcs). 

b Sites sampled were ornamental pear nurseries A - E and tomato fields 

I - III. 
0 Sampling dates were: (1) 24 June; (2) 15 July; (3) 12 August; (4) 

26 August 1992; (5) 6 May; (6) 16 July 1993. 

Phenotypic and genetic characterization of bacterial isolates. Bacterial isolates 

were randomly selected from NAcs plates and, after phenotypic testing, placed into 

the following groups: oxidase-negative fluorescent pseudomonads with colony 

morphology typical of£. syringae, oxidase-positive fluorescent pseudomonads, 

nonfluorescent gram-negative, and gram-positive. 

DNA probes containing the strA/strB or the tnpA/tnpR genes from Tn5393 were 

then utilized in dot blot hybridization experiments to assay each isolate for the 

presence of hybridizing sequences. Each isolate which hybridized to the strA/strB 

probe also hybridized to the tnpA/tnpR probe. The strA/strB and tnpA/tnpR 

determinants were present in 77% of the Smr gram-negative phylloplane isolates from 
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Nursery C, in which streptomycin was heavily utilized, and in 10% of the Smr gram-

negative phylloplane isolates from nursery A (Table 2). Although streptomycin was 

not applied in any of the tomato fields, 8 - 28 % of the gram-negative Smr leaf isolates 

contained sequences which hybridized to strA/strB and tnpA/tnpR. The percentage of 

soil isolates which hybridized to strA/strB and tnpA/tnpR was similar to that observed 

for leaf isolates from all nurseries, and tomato field I (Table 16). In a combined 

analysis of data from nurseries and tomato fields, 22 and 11 % of Smr gram-negative 

isolates from leaves and soil, respectively, hybridized to strA/strB and tnpA/tnpR. 

None of the 77 Smr gram-positive isolates in the study contained sequences which 

hybridized to strA/strB or tnpA/tnpR (Table 16). 

Resistance to tetracycline in the streptomycin-resistant isolates. The 

observation that persistent usage of one antibiotic in clinical medicine selects multiple 

antibiotic resistance was evaluated by testing each Smr isolate recovered for resistance 

to the antibiotic tetracycline. Tetracycline was also chosen because this antibiotic is 

registered for use as a bactericide on some agricultural crops. Only a small number 

of phylloplane isolates from f. calleryana nurseries were also resistant to tetracyline, 

and the percentage of Tcr isolates recovered was not significantly higher in Nursery 

C, in which streptomycin was heavily applied (Table 17). The percentage of Tct 

isolates recovered was higher among soil isolates, but was also not significantly 

higher among the isolates from Nursery C (Table 17). The percentage of Tcr isolates 

from tomato leaves and soil was, on average, higher than that from the f. calleryana 

nurseries (Table 17). 
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Table 16. Number of streptomycin-resistant phylloplane and soil isolates from Pyrus calleryana 
cv. Aristocrat nurseries and tomato fields which contain Tn5393. 

No. of strains that hybridized with strA/strB / no. strains tested" 

Bacteria Nonfluorescent All gram Gram 
isolated Fluorescent gram negative negative positive 
from: Site/history' e. syringae pseudomonads bacteria bacteria bacteria 

Phyl loplane A Cu NT NT 4/41 (10) 4/41 (10) 0/4 (0) 
B Cu NT 0/1 (0) 0/13 (0) 0/14 (0) 0/5 (0) 
C Cu, Sm 8/8. (100) NT 2/5 (40) 10/13 (77) 0/1 (0) 

D none NT NT NT NT NT 

E Sm NT NT 0/3 (0) 0/3 (0) NT 
Total 8/8 (100) 0/1 (0) 6/62 (10) 14/71 (20) 0/10 (0) 

Cu 7/10 (70) 2/5 (40) 4/31 (13) 13/46 (28) NT 
II Cu NT NT 3/14 (21) 3/14 (21) 0/1 (0) 

111 none NT 1/4 (25) 0/8 (0) 1/12 (8) 0/1 (0) 

Total 7/10 (70) 3/9 (33) 7/53 (13) 171n <24> 0/2 (0) 

Grand Total 31/143 (22) 0/12 (.0) 

Soil A Cu NT 2/3 (67) 5/40 (13) 6/43 (14) 0/26 (0) 

B Cu NT 0/2 'CO) 1/51 (2) 1/53 (2) 0/20 (0) 

C Cu, Sm NT 2/2 (100) 6/11 (55) 8/13 (62) 0/2 (0) 

D none NT 0/6 (0) 0/7 (0) 0/13 (0) 0/2 (0) 

E Sm NT NT 0/12 (0) 0/12 (0) NT 

Total NT 4/13 (31) 12/121 (10) 15/134 (11) 0/50 (0) 

Cu NT NT 3/12 (25) 3/12 (25) 0/2 (0) 

II Cu NT NT 0/11 (0) 0/11 (0) 0/4 (0) 

111 none NT NT 0/6 (0) 0/6 (0) 0/9 (0) 

Total NT NT 3/29 (10) 3/29 (10) 0/15 (0) 

Grand Total 18/163 (11) 0/65 (0) 

• Numbers in parentheses indicate the percentage of positive strains; NT= not tested. 

b Sites A - E are Pyrus calleryana cv. Aristocrat nurseries; sites I • Ill are tomato fields. 

History= the spray history for each site; Cu= copper sprayed at least once during each season, Sm 
= streptomycin was sprayed 15 and 2 times during each of the last two years at nurseries C and E, 
respectively; none= no bactericides sprayed at the site. 
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Table 17. Resistance to tetracycline among the streptomycin-resistant 

isolates recovered from the phylloplane and soil of Pyrus calleryana cv. 

Aristocrat nurseries and tomato fields. 

a 

b 

No. of Sm' Tc' isolates / total Sm' isolates• 

A 

B 

C 

D 

E 

Grand Total 

I 

II 

III 

Phylloplane 
Gram neg. Gram pos. 

1/41 (2) 

3/14 (21) 

3/13 (23) 

0/0 

0/3 (0) 

7/71 (10) 

19/31 (61) 

3/14 (21) 

4/8 (SO) 

0/4 (0) 

1/5 (20) 

1/1 ( 100) 

0/0 

0/0 

2/10 (20) 

0/0 (0) 

0/1 (0) 

0/1 (0) 

Grand Total 26/53 (49) 0/2 (0) 

Soil 
Gram neg. Gram pos. 

13/43 (30) 

29/53 (55) 

6/13 (46) 

10/13 ( 77) 

11/12 (92) 

69/134 (51) 

8/12 

8/11 

2/6 

(67) 

(73) 

(33) 

18/32 (56) 

0/26 (0) 

6/20 (30) 

0/2 (0) 

0/2 (0) 

0/0 

6/50 (12) 

1/2 

0/4 

0/9 

(50) 

(0) 

(0) 

1/21 (5) 

Sm= streptomycin, tc = tetracycline, r = resistant; numbers in 
parentheses indicate the precentage of positive strains. 

Sites A - E are Pyrus calleryana cv. Aristocrat nurseries; sites 
a - care tomato fields. 
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DISCUSSION 

Previous studies have shown that the Smr transposon Tn5393 which is contained 

in phytopathogenic bacteria, is also present in diverse gram-negative bacteria in 

agricultural environments (41,170,209). Our data extend this observation to 

agricultural environments in another geographic region and demonstrate that Tn5393 

sequences are also present in bacteria in enviroments which have presumably never 

been exposed to streptomycin through human usage. The presence of Tn5393 

sequences in such diverse bacteria indicates this transposon is part of a gene pool 

which is accessible to a wide range of organisms. · 

The transfer of resistance plasmids amongphytopathogenic and saprophytic plant­

associated bacteria has been demonstrated in planta (120,121,146,218). Our data and 

that of others suggest transfer of sequences containing Tn5393 is a common 

occurrence. The movement of plasmid-borne resistance determinants between 

heterologous hosts is impacted by the transmissibility of the plasmids, the capacity for 

their establishment either through plasmid maintenance or transposition to a new 

genomic location, and the expression and selective value of the resistance 

determinant. The broad-host-range of Tn5393 is probably enhanced by the 

incorporation of insertion sequence elements such as IS1133 (41) and IS6100 (Chapter 

VI) which activate or increase expression of strA/strB. 

The selection of multiple antibiotic resistance in human bacterial pathogens 

following continued use of a single antibiotic is a puzzling consequence of the overall 

widespread usage of antibiotics in medicine. A high proportion of resistance to 



142 

several antibiotics has been observed in the fecal flora of healthy individuals who 

were not ingesting antibiotics (22,133). This suggests the reservoir of antibiotic 

resistance in human enteric bacteria is widespread and large. Our data suggest the 

use of a single antibiotic does not select multiple antibiotic resistance among plant­

associated bacteria. However, the presence of Tn5393 sequences in bacteria from 

areas in which streptomycin has not been used as a bactericide implies this 

determinant can be selected from the indigenous microbial communities in agricultural 

habitats and may be transferred to populations of plant pathogens. 

The presence of Abr genes in environmental bacteria is of increasing concern due 

to the possible impact to human health. The distribution of Abr genes already present 

in human pathogens among environmental isolates is gaining increased attention. The 

nptll kanamycin-resistance gene from Tn~ and the m streptothricin-resistance genes 

from a Tn'.'Z-like transposon were detected in environmental bacteria from habitats 

including river water, sewage, and soil (130,205,206). The strA/strB determinant on 

Tn5393 is also present on plasmids from a number of bacterial genera which cause 

diseases in humans (39,114). Thus, diverse ecological niches such as plant surfaces, 

soil, and water may serve as additional reservoirs of Abr bacteria, and the Abr genes 

they carry. 



CHAPTER IX 

CONCLUSIONS 

The emergence of resistance to the bactericides copper and streptomycin in the 

phytopathogen Pseudomonas syringae pv. syringae served a:s an excellent model 

system for the study of the evolution of bactericide resistance in a phytopathogenic 

bacterium. The phenomenon of resistance was studied from both ecological and 

genetic standpoints. A populations approach was utilized to understand the problem. 

Hirano and Upper have championed the viewpoint that ecological studies of 

phylloplane dynamics of Pseudomonas syringae involve studying populations of 

bacteria and populations of habitats and that variablility is an inherent characteristic of 

the system (98-100). £, syringae pv. syringae is an organism in which the genetic 

diversity is high (67) indicating natural populations of this organism are heterogenous. 

The response of heterogenous populations of £, syringae pv. syringae to selection 

pressure from bactericide use was the basis of the work reported in this dissertation. 

From an ecological standpoint, the role of plasmids and transposons in the 

dissemination of resistance genes within populations was examined. The plasmid 

population was diverse with as many as 15 plasmid profiles detected wihtin a single 

nursery (Chapters III and IV). The host£. syringae pv. syringae populations 
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examined were also diverse (Chapter IV). In the final analysis, it is evident that the 

selection of a single resistant :e.. syringae pv. syringae strain or a single resistance 

plasmid was prohibited due to the inherent heterogeneity within these populations. 

Thus, heterogeneity was maintained within populations exposed to bactericide 

selection pressure due to the persistence of diverse plasmid and strain genotypes. 

The selection of copper and streptomycin-resistance determinants on plasmids in 

:e_. syringae pv. syringae mirrors observations on the selection of antibiotic resistance 

determinants in clinical bacteria. Many of the resistance plasmids characterized in 

this dissertation contained the p0SU900 replicon (167,Chapter IV) which suggests 

that these plasmids comprise part of a plasmid lineage which is indigenous to :e_. 

syringae. In clinical bacteria, plasmid-encoded antibiotic resistance genes also tend to 

be located on plasmids indigenous to the bacterial species or on broad-host-range 

plasmids which are specialized in colonizing a diversity of bacterial species (134). 

The plasmid location of copper and streptomycin-resistance determinants in :e_. 

syringae pv. syringae enabled their dissemination within natural populations, 

presumably by conjugation (Chapter IV). However, a longstanding argument among 

plant pathologists regards the stability and persistence of bactericide resistance genes 

in phytopathogenic bacteria in the absence of bactericide use. We determined that 

several indigenous resistance plasmids were stable in vitro and did not impact 

competitive fitness of :e_. syringae pv. syringae in planta (Chapter V). Our 

observations that plasmid carriage had a negative effect on fitness of :e_. syringae pv. 

syringae in vitro were similar to results observed in many studies of plasmid biology 
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utilizing Escherichia coli as a model bacterium (e.g. 23,75,97,250). However, the 

effect of individual plasmids on host fitness has not been fully addressed in native 

ecological niches. Our observations suggest the presence of a plasmid does not 

impact fitness in the epiphytic niche of f. syringae pv. syringae, and the widespread 

distribution of the p0SU900 replicon-containing plasmids in f. syringae 

(167,168,Chapter IV) suggests these plasmids may contain other determinants which 

are beneficial to this bacterium during its life cycle. 

Although resistance to streptomycin can be selected in many gram-negative 

bacteria as a spontaneous mutation, the evolution of streptomycin resistance in natural 

bacterial populations following the use of this antibiotic in medicine and agriculture 

has generally involved the acquisition of specific resistance determinants encoding 

streptomycin-inactivating enzymes (63). In most phytopathogenic bacteria, 

streptomycin resistance is encoded. by the tandem strA/strB aminoglycoside 

phosphotransferase genes which are contained on Tn5393 (41,215,Chapters III - V). 

Tn5393 has been disseminated widely both geographically and in terms of the 

diversity of bacterial hosts the transposon now inhabits. Expression of the strA/strB 

genes on Tn5393 is essential for this transposon to provide a selective advantage to a 

host bacterium. The insertion sequence elements IS1133 and IS6100 are involved in 

expression of the strA/strB genes in Erwinia amylovora and Xanthomonas campestris 

pv. vesicatoria, respectively (41,Chapters VI and VII). Inf. syringae pv. syringae, 

two indigenous promoters located within Tn5393 were identified (Chapter VII). 

Tn5393 is also widely disseminated among saprophytic bacteria from plant surfaces 
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and soil (170,209,Chapter VIII) indicating the versatility of this element in 

dissemination capability and expression in diverse organisms. The broad distribution 

of the strA/strB genes among bacterial commensals and pathogens of humans, 

animals, and plants (Chapters II and Ill) is a testament to the survival ability of 

bacteria in hostile enviroments created by human usage of bactericidal agents. It also 

indicates that organisms from such diverse hosts can interact and share a common 

gene pool. Finally, the location of resistance determinants on indigenous plasmids 

implies that bacteria which harbor these plasmids will not only survive bactericide 

exposure but also fluorish. 
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