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ABSTRACT
THE MECHANISMS OF STREPTOMYCIN RESISTANCE IN
Erwinia amylovora

By

Chien-Shun Chiou

The mechanism of streptomycin resistance in Erwinia
amylovora, the fire blight pathogen causing the most
destructive bacterial disease of apple and pear, has been
studied on a molecular genetic and biochemical basis.
Streptomycin-resistant mutants of E. amylovora were isolated
from an apple orchard in Michigan in 1990. 1In colony
hybridization, a portion of the resistance gene (SMP3) from
strain Psp36 of Pseudomonas syringae pv. papulans hybridized
with all streptomycin-resistant strains of E. amylovora, but
not with streptomycin-sensitive strains. A 34-kb plasmid
(pEa34) was present in all streptomycin-resistant field
strains but not in streptomycin-sensitive strains.
Streptomycin resistance and pEa34 were cotransferred by
conjugation into four streptomycin-sensitive recipients.

A class II Tn3-type transposable element, designated
Tn5393 and located on plasmid pEa34 from streptomycin-
resistant strain CAll of E. amylovora, was identified by its
ability to move from pEa34 into recipient plasmid replicons
PGEM3Zf (+) and pUCD800. Nucleotide sequence analysis
reveals that Tn5393 consists of 6,705 bp with 81-bp terminal

inverted repeats and generates 5-bp duplications of the



target DNA following insertion. Two open-reading frames,
separated by a 194-bp putative recombination site (res),
encode a putative transposase (tnpA) and resolvase (tnpR) of
961 and 181 amino acids, respectively. Two streptomycin
resistance gene, strA and strB, were identified on the basis
of their DNA sequence homology to the resistance genes in
plasmid RSF1010. Between tnpR and strA is a 1.2-kb
insertion sequence designated IS1133. The 3.2-kb tnpA-res-
tnpR was detected in P. syringae pv. papulans Psp36 and in
many other gram-negative bacteria harboring strA-strB
isolated from Michigan apple orchards. Except for some
strains of Erwinia herbicola, these other gram-negative
bacteria lack insertion sequence IS1133. The prevalence of
strA-strB could be accounted for by transposition of Tn5393
to conjugative plasmids that are then disseminated widely
among gram-negative bacteria.

The plasmid-borne strA and strB genes from Erwinia
amylovora strain CAll were characterized by genetic and
biochemical analyses. In deletion experiments, deletions in
strB resulted in a reduction in the minimum inhibitory
concentration (MIC) from 500 to 100 ug streptomycin ml~1l and
in strA from 500 to 25 ug streptomycin ml~l or less. When
strA and strB were cloned separately on a lac1Q/ptac-based
expression vector in Escherichia coli, the protein encoded
by strA, but not the one by strB, was overexpressed.
Sequence analysis of the overlapping genes indicated that

the distal strB gene lacked a Shine-Dalgarno sequence and



that the initiation codon was in the double-stranded region
of the stable stem-loop structure. Conversely, the Shine-
Dalgarno sequence and the initiation codon in strA were
exposed in the single-stranded loop of a stable stem-loop
structure. The strB gene was overexpressed and resistance
restored to a MIC of 100 ug streptomycin ml~1l by introducing
a Shine-Dalgarno sequence and by altering the mRNA secondary
structure. 13C-NMR analysis of the respective
phosphorylated streptomycin products indicated that stra-
strB encoded aminoglycoside-3"-phosphotransferase [APH(3")-
Ib] and aminoglycoside-6-phosphotransferase [APH(6)-Id],
respectively. These data suggest that the high level of
resistance to streptomycin exhibited by bacteria with stra-
strB genes is due to the coexistence in the cells of
APH(3")-Ib and APH(6)-Id enzymes and that the differential
expression of these enzymes is regulated by the mRNA

secondary structures.



DEDICATION

To my grandparents Shoa Chiou and Jin Chuang, my father

Huan Chiou and my mother Juo Chang. They always did their

best for their children's education.

ii



ACKNOWLEDGMENTS

I would like to express thanks and appreciation to the
persons who have encouraged, guided and assisted me in my
Ph.D. journey.

To my major professor Dr. Alan L. Jones. He is the most
supportive person to my research. His encouragement and
patience were extremely helpful to me in completing my
degree and recognizing my own capabilities.

To the committee members Dr. Shauna Somerville, Dr. Robert
Hollingworth, and Dr. Mickil Bagdasarian, whose assistance,
support, and thoughtful evaluation are much appreciated.

To my lab colleagues Patricia McManus, Lizhe Liang, Harrie
Koenraadt, and Gail Ehret for their advice and assistance
for my work. Their guidance was especially helpful to my
presentations.

To my friend Kung-Lung Cheng for his assistance in 13c-NMR
work.

To my wife, Ishien Li, a brave mother of a daughter and a
son. She has to work for a research assistantship, study
for her Ph.D. degree and do everything for our children.

I also want to thank my brothers for financial and
emotional support and to my parents-in-law and brother-in-

law for taking care of my children, Janice and Brian Chiou.

iii



TABLE OF CONTENTS
Page

LIST OF TABLES......-...--.oooouoo.-ooooooo-o.---ocooo viii

']

LIST OF FIGURES ®*c*ccsccccccscscscsccsscsccsosssccsocsscse ix

GENERAL INTRODUCTION AND LITERATURE REVIEWecccccccccce 1

REFERENCES® **ccccscescscccsccscsccssessesscssssoassssccssss 15
PART I

THE ANALYSIS OF PLASMID-MEDIATED STREPTOMYCIN
RESISTANCE IN Erwinia amylovora

ABSTRACT-...--.ooooooo.-oo-oo.--.-o-.oo.oo.oo-oooooooo 26
INTRODUCTION.....-..---. ---------- R R EEEEE I I A . 26

MATERIALS AND METHODS

Bacterial strains and plasmids+ccccccccccccccccc. 26
Detection of streptomycin-resistant Erwinia

amylovor e 0000000600000 00c00000000600000000060000000Se 26
Orchard surveyoo.-.n.-oo..ooooo..o-oooooo..o.oooo 27
Plasmid characterizationsecsccccccccccccccccccccen 27
Hybridizationsoo-o-oo----oo-oooooo-....-..-oo.--c 27
Restriction enzyme digests and Southern blots-:--- 27
Bacterial conjugation-.o.....o.....-.--..oo.-.--o 27

RESULTS
Detection of resistancecs+sccccccceccccccccece EEEEEE 27
Level of resistancecsc+ccccceccccccccccccscsccccccce 27
Distribution of resistant strains-cc-cccccccccce.. 27
COlony hybridization studiegsecccccccrccccccccncsns 27
Plasmid characterizations:csc-cccccccccc-e teeccecee 27
Southern analysiS""""'"""" --------- e e e e e 27
Bacterial conjugationo-o-ooo.-oaoo ----- ee e ee s 28

DISCUSSION..........---oo-a-ooo.--onoo-uoo.oo--.o-oooo 28

LITERATURE CITEDo.-o--.....-..-...-.....o.ooooo--.-o-- 29

iv



Page
PART II
NUCLEOTIDE SEQUENCE ANALYSIS OF A TRANSPOSON (Tn5393)

CARRYING STREPTOMYCIN RESISTANCE GENES IN Erwinia amylovora
AND OTHER GRAM-NEGATIVE BACTERIA

ABSTRACT-.-ooo-oooo.oo.-oo.oooooo.oooooooooocooooooo.o 32
INTRODUCTION..-....--oooooooooooooooooooo.ooo.oooo.oo. 32
MATERIALS AND METHODS
Bacterial strains and plasmidscccccccccccccccccce 32
Hybridization studiesoooooooooooooo..n.cnooo.n-o. 32
Cloning, isolation, and restriction mapping of
pEa34ooooooo.o-oo‘ooo.oo.o.ooo.ooo-.ooo--o.oooooo 32
Detection of a transposon from pEa34-ccccccccecce 33
Cloning and sequencing Of DNA+cccccccccccccccccns 33
Detection of Tn5393 and pEa34 in other
gram-negative bacteria...oo-oo..oo..o.o.--..oon.o 33
Nucleotide sequence accession number-:-----cc+--- 34
RESULTS
Restriction map of pEa34oooo.ooo.oooooooo--oooooo 34
Detection of a transposable element from pEa34--- 34
Sequence and coding regions of transposon Tn5393- 34
Identify of streptomycin resistance in
P. syringae pv. papulans and E. amylovoras*-*<-*-" 37
Tn5393 in other gram-negative bacteriac---+ccc--- 37
Plasmid pEa34 in other gram-negative bacteria---- 38
DISCUSSION-..-...oo-o.oo..n.ooo.o..uooo.ooo.o..oo-u.n. 38
ACKNOWLEDGMENTS* e ccccccceccccccosccccscsccccsccoscscscccccssoos 39
REFERENCES...Q........Q...ooo.-o.-co.o.oo-..oo..ooooo. 39
PART III

IDENTIFICATION OF TWO AMINOGLYCOSIDE PHOSPHOTRANSFERASE,
APH(3")-Ib AND APH(6)-Id, ENCODED BY THE aph(3")-Ib (strA)
AND aph(6)-Id (strB) GENES FROM STREPTOMYCIN-RESISTANT
Erwinia amylovora

ABSTRACT..ooooooooooooooooo--ooooo-.o;oo-.-..o.ooo-oo- 42
INTRODUm'IoN-.....--oc.oooooooo.oooooo..oo..ocn.oo.ooo 44
MATERIALS AND METHODS
Bacterial strains, plasmids, and primerseccccc-c-- 46
DNA manipulations and construction of expression
vector pTWNHE.ooo.oo-oo...o.oooooo.ooocoo.oo'oo.- 46
Enzyme assaysoooooo.oooooooo...oooooooo-o-ooo.-oo 49



Determination of minimum inhibitory concentration

(MIC)n-oo----oo.-......--..-.o.oo-o-.o-.o-.-.o.oo

Deletion analysis in the strA and strB region....
Modification of strB and cloning into pTWNHE-----
Expression and analysis of strA and strB gene
products...-o-.o.o.o.ooo-ooooo-ooo-o-oooooooooooo
N-terminal amino acid sequence determination-+----
Preparation and 13c-NMR analysis of the
ph°sph°ry1ated streptomycin ecceccooc00000 0000000
Secondary structureso-oo-.ooooo-.-.--oo-oooo.o.o-

RESULTS
Deletion and complementation analysis of strA and

str ® © 0 00 00 0000 00 0 000 00 0000000000000 0000 S0 OSSOSO

Effects of Shine-Dalgarno sequence and mRNA
secondary structure on the expression of strB----
Confirmation of strA and strB proteinsccccccccc-.
Identification of the phosphorylated streptomycin
products‘......“..0..0............0.............
DISCUSSION""""'""""""""""""""""”‘
AcKNowLEDGMENTS..-....oooooo.uooo.ooo-oo...oooooooo-o.
REFERENCES.onoooooonooooooou---oooo-ooo----oooooooo-o-
APPENDIX A

PROPOSED RESEARCH ON RIBOSOME-MEDIATED STREPTOMYCIN
RESISTANCE IN Erwinia amylovora

INTRODUCTION:® **ccccoocsccccsscscsccssscsscsccsacssssscsssscssss
OBJECTIVES * s ccceseccescsessscscscscscasossscsssssoscscss
JUSTIFICATION s cccsscssccsasccssscsssccnsassessssscnssss
DESCRIPTION OF RESEARCH PLANc**cccccccccccccccccccccscse
REFERENCES ***¢cvsccccscccsscosscescsscscsscssssccsssscsccss
APPENDIX B
CONJUGATIONAL TRANSFER OF pEa34
CONJUGATIONAL TRANSFER OF pEa@34cccccccccccccccccccccce
REFERENCES *++cccscecccesssesscsscsccssscssssosnssssonssos

APPENDIX C

vi

Page

49
50
50

51
52

52
53

54

57
63

63
65
67

68

72
73
74
76

80

84

88



Page

IDENTIFICATION OF THE MECHANISMS OF STREPTOMYCIN
RESISTANCE..-----ooooocoo-.-ooooo.'ooooooooo--ooooooo. 90

REFERENCESO..ocoooooo.ooo.ooooo-.o-o...oo-.ooo.ooooo-o 97

vii



LIST OF TABLES
Table
Page
PART I
1. Frequency of conjugational transfer of resistance
from streptomycin-resistant to streptomycin-
sensitive Erwinia amylovoras*c-ccscccccccccecccccce 28
PART 1II
1. Bacterial strains and plasmids used in this study- 33
PART III
1. Bacterial strains, plasmids and primersc+cccccc--- 47
APPENDIX B
1. The transfer frequency of pEa34 by conjugation
among strains of Erwinia amylovora, Escherichia
coli, Pseudomonas syringae pv. papulans and
Erwinia herbicola-ooo--oooooo.nooooooooo..ooo.oooo 85

APPENDIX C

1. Characterization of mechanisms of streptomycin
resistance by the ability of resistance to
streptomycin and myomycin, hybridization to SMP3,
and in vitro streptomycin phosphotransferase (APH)
and streptomycin adenylytransferase (ANT) assay*°*° 96

viii



LIST OF FIGURES

Figure

Page
PART I

Plasmids in field strains of Erwinia amylovora

isolated from apple orchard SW in southwest

Michigan and from adjacent crabapple trees.
Streptomycin-resistant strains CA13, CAll, HT16,

HTO01-1, and HT06 are in lanes 1, 3, 6, 7. and 8,
respectively, and streptomycin-sensitive strains

CA10, CA06, HT03, and HTOl1l are in lanes 2, 4, 9,

and 10, respectively. Lane 5 contains Erwinia

stewartii SW2cccecececcccccccsccccccscscccsccscscccccccncse 28

Autoradiograph of a Southern blot of plasmid DNA,
first, and total genomic DNA (including plasmid
DNA), second, of Pseudomonas syringae pv. papulans
strain Psp36 (lanes 1 and 2), and DH1l with plasmid
PCPP505 (lanes 3 and 4) and streptomycin-resistant
(CAll, lanes 5 and 6; HO62-1, lanes 9 and 10) and
streptomycin-susceptible (BC06, lanes 7 and 8;
ELO1, lanes 11 and 12) strains of Erwinia amylovora
digested with Aval and hybridized to probe SMP3.
The sizes (in kb) of hybridizing fragments
calculated from EcoRI-HindIII-digested bacteria
phage lambda DNA are give at the far leftec-cc---- 28

Agarose gel electrophoresis of cleared lysates of

donor, recipient, and transconjugant strains of

Erwinia amylovora. Lane 1, recipient BC06 rifr;

lane 2, transconjugant BC06 riffl X CAll; lane 3,

donor CAll; lane 4, transconjugant ELO1l riff X

CAll; lane 5, recipient ELO1l rifT; lane 6, strain
Ea88-90 with plasmid identical in restriction

pattern to pEAzg (7).--.o.-...-...-o-oooooooooo--o 28

Ethidium bromide-stained gel (A) and auto-
radiograph of a Southern blot (B) of plasmid DNAs
of donor, recipient, and transconjugant strains of
Erwinia amylovora digested with Aval and
hybridized to probe SMP3. Lane 1, recipient ELO1l
riff; lane 2, transconjugant ELOl1l rifI X CAl1l;
lane 3, donor CAll; lane 4, transconjugant BC06
riff X CAll; lane 5, recipient BC06 rifr; lane 6,

ix



Figure

transconjugant BCO6 rifl X HO62-1; lane 7 donor
HO62~-1; lane 8, transconjugant ELO1l riff X HO62-1;
and lane 9, recipient ELOl riff. The sizes (in
kb) of hybridizing fragments calculated from
EcoRI-HindIII-digested bacteria phage lambda DNA
are given at the far 1eftooo.o.ooon-ooo--o-oo.oo-.

PART II

(A) Restriction enzyme map of plasmid pEa34 from
E. amylovora CAll. Each restriction site is
designated on the basis of its distance (in
kilobases) from the unique BamHI site. The
location of streptomycin resistance genes strA and
strB is indicated with a double arrow, and the
location of transposon Tn5393 is indicated with a
thick line. (B) The proposed genetic map for
transposon Tn5393. The proposed elements in
Tn5393 are IR, transposase gene (tnpA), region
res, resolvase gene (tnpR), insertion element
(IS1133), strA and strB genes, and IR,
respectively. The direction of transcription of
the genes are indicated with arrows. The
locations of probe SMP3 from P. syringae pv.
papulans Psp36 and of probe SAC32 are shown by the
open boxes immediately below the genetic map. The
locations of DNA sequences from RSF1010 and
pCPP505 that are identical to the sequence in
Tn5393 are shown by the slashed boxes, and the IR
sequences are shown by the filed boxes<<cccccccec--

Complete nucleotide sequence of Tn5393, numbered
from the IR on the tnpA end, is shown in 5' to 3'
orientation. The positions of ORFs corresponding
to four predicted polypeptides (A, B, C, and D)
are indicated with their encoded amino acid
sequence. ORF C is transcribed from the strand
opposite to ORFs A, B, and D. The nucleotide
sequence of insertion sequence IS1133 is from
nucleotide 3660 to 4891. The 3-bp direct repeats
that border IS1133 (TAG) are double underlined,
and the IRs of Tn5393 and IS1133 are underlined.
The -10 and -35 consensus sequences of three
putative promoters are indicated above the
sequence by a line and the number. Asterisks
indicate stop codons. The nucleotide and amino
acid sequences of ORF A that differ from those of
ORF I in RSF1010 are indicated above the
nucleotide and beneath the amino acid,
respectively. Sequence 4928 to 6705 of Tn5393 is
homologous to sequence 31 to 1808 of RSF1010 (32)-

Page

29

34

35



Figure

3.

Comparison of IR sequences. (A) The 81-bp IRs of
Tn5393 (IR-5393t and IR-53930, where t is the tnpA
end and o is the other end) and the sequence of
plasmid RSF1010. Boldface type shows positions
where residues were different. (B) IRs in
representative transposons from the Tn3 family
(Tn5393, Tn3, Tn21, Tn917, Tn2501, and Tn4430) are
all listed from the tnpA end. The stop codons for
the transposases in Tn5393, Tn3, Tn2l1, and Tn2501
are underlined. The number in parentheses is the
number of identical base pairs between each IR and
IR-5393t. Sequences are from Scholz et al. (32)
for RSF1010, Heffron et al. (12) for Tn3, Zheng et
al. (45) for Tn21, An and Clewell (1) for Tn917,
Michiels and Cornelis (22) for Tn2501, and
Mahillon and Lereclus (20) for Tn4430°ccc-cccccc*°*"

Autoradiograph of a Southern blot of plasmid DNAs
from streptomycin-resistant (except lane 3) gram-
negative bacteria digested with SacIl and
hybridized to probe SAC32. Lane 1, P. syringae
pv. papulans Psp36; lane 2, E. amylovora CAll;
lane 3, E. amylovora ELOl; lane 4, Acinetobacter
sp. strain 1; lane 5, E. herblcola 6a; lane 6, E.
herbicola 34; lane 7, a yellow Pseudomonas strain,
40; lane 8, P. syringae pv. syringae 45; lane 9,
Pseudomonas fluorescens biovar III, 57; lane 10,
Pseudomonas aeruginosa 60; lane 11, P. putida 61;
lane 12, Aeromonas sp. strain 145; lane 13, E.
herbicola 144. The size of the 3.2-kb hybridizing
fragment is indicated at far left-cccccccccccccccs

Hybridization of a 25.6-kb Smal fragment from
plasmid pEa34 with AvaI-digested total plasmid
DNAs from streptomycin-resistant strains of E.
herbicola. Lanes 1 to 6 contain DNAs from strains
52, 50a, 144, 35a, 18, and 6a, respectively. Lane
7 contains plasmid pEa34 from E. amylovora CAll.
Strain 6a was a negative control. The three Aval
fragments indicated (by size in kilobases) at the
far left are internal fragments of Tn5393.

A 127-bp fragment is not S@@N°*°***c*cececscscccccc e

PART III

(A) Resistance to streptomycin and aminoglycoside
phosphotransferase (APH) activity in extracts from
cells of Escherichia coli JM109 transformed with
various deletions in the strA and strB genes from
Erwinia amylovora strain CAll. Deletion
derivatives were cloned in vector pGEM3Zf (+) with

xi

Page

37

38

38



Figure

the genes oriented downstream from a lac promoter.
Bacteria were grown in the presence and absence of

isopropyl-f-D-thiogalactopyranoside (IPTG). Bold
lines with arrows represent the coding regions of
strA and strB and the transcriptional direction
for each gene. Numbers above the lines are
nucleotide sequence numbers for Tn5393 (4) and "P"
indicates a promoter from IS1133. (B)
Complementation of deletions in strA and strB-.----

SDS-PAGE analysis of proteins from strains of
Escherichia coli transformed with expression
vector pTWNHE with strA, strB, or modified strB
variants. Proteins were separated on a 13.5% SDS-
polyacrylamide gels and stained with Coomassie
blue. Bands labeled 27, 28, and 30 kDa are the
protein products from strA strB, and strB-AJ26N,
respectively. (B) The percentage of the expressed
proteins from strA and strB variants to the total
cellular protein for strains grown in LB medium
with (+) or without (-) IPTG. Data were obtained
by scanning four individual lanes for each strain
on SDS gels using AMBIS Core Software Version 4.0
(AMBIS, Inc. San Diego, California). (C)
Resistance of each strain to streptomycin on LB
agar with (+) and without (=) IPTGe<-cc=-ccccccccc--

Predicted mRNA secondary structures surrounding
the ribosome-binding site for strA, strB, and six
strB variants. The stem-loop structures and free

energy (AG; in kcal mol~l) were determined with
the computer program Hairpin Loop Search, DNASIS
version 3.00 (Hitachi Software Engineering Co.
LTD). Nucleotides in ribosome-binding sites that
can pair with the 3' end of E. coli 16S rRNA
(AUUCCUCCACU...5') are indicated as larger
characters and those that cannot pair with strB
sequence are underlined. Initiation codons are
enclosed by a box and the stop codon from straA is
marked with asterisks. The secondary structures
for strB-AJ24 and strB-AJ34 were unaltered, the
structures for strB-AJ25, strB-AJ26, strB-AJ27,
and strB-AJ28 were altered by replacing
nucleotides between the Shine-Dalgarno sequence
and the initiation codon. Six nucleotides (the
first two codons of strB) on strB-AjJ27 and strB-
AJ28 were omitted. The strain of Escherichia coli
transformed with each gene is shown in parenthesis
under the gene designation.oootooooo-ooo.oooooaooo

xii

Page

56

59

61



Figure

Page
APPENDIX C
1. Molecular structures of streptomycin and
spectinomycin and the reaction sites of APH(3"),
APH(G)’ANT(3"), andm(s)..oo..ooo-.-oo.oo-.o-oo 92
2. Flowchart for identification of streptomycin
resistance mechanisms.....oo..o..-o..o.aa.on.oooo. 94

xiii



GENERAL INTRODUCTION AND LITERATURE REVIEW

Fire blight is the most devastating bacterial disease of
pomaceous fruit trees (106). It is very destructive to pear
(Pyrus communis L.) and less so to apple (Malus sylvestris
Mill.), quince (Cydonia oblonga Mill.), and several other
members of the family Rosaceae. Fire blight may result in
tremendous economic losses on pear and apple crops when it
occur epidemically.

The first reference to fire blight is considered to be a
description of a problem on apple trees taken from a letter
by W. Denning in 1793. Thereafter, the possible cause of
fire blight was debated until 1878 when T. J. Burrill first
proposed that bacteria caused the disease. However, the
isolation of the bacterium in pure culture and reinoculating
it into healthy plants to prove definitely the real causal
agent was not completed until 1884 by J. C. Arthur. Fire
blight was apparently indigenous to North America. The
disease probably occurred on native American plants, such as
crab apple, hawthorn, and mountainash. From these native
hosts the bacterium probably spread to the susceptible
cultivated pears and apples planted by the early American

settlers.



The occurrence of fire blight was restricted to North
America for a century since 1800s. Outside North America,
fire blight was first reported in New Zealand in 1919. 1In
Europe the disease was report in England in 1957. The
disease has since spread through much of Europe and the
Mediterranean area causing serious losses to pome fruits and
rosaceous ornamentals. It has not been reported in Asia.

The causal organism of fire blight is the bacterium
Erwinia amylovora (Burrill 1882) Winslow, Broadhurst,
Buchanan, Krumwiede, Rogers, and Smith 1920. E. amylovora,
a member of the family Enterobacteriaceae, is a Gram-
negative, facultatively anaerobic, peritrichously flagellal,
rod-shaped (av. 1.1-1.6 x 0.6-0.9 um) bacterium. The
identification of E. amylovora is usually based on
characteristic growth of colonies on one or more
differential media (21, 47, 70), immunological tests, the
production of bacterial ooze on immature pear fruit
following inoculation, and the hypersensitive reaction of
Nicotiana tabacum L. to infiltrated bacteria (43, 52, 53,
54). Recently, a specific DNA probe derived from the
universal plasmid pEA29 in E. amylovora has been developed
for routine, cost-effective identification of this bacterium
(32).

The methods for the control of fire blight are difficult,
expensive, and not very effective. Streptomycin is the most
effective bactericide compared to the alternatives, copper-

based bactericides, oxytetracycline, and flumequine.



Therefore, the emergence of streptomycin-resistant pathogen
of fire blight has become a severe problem to the pear and
apple industry in North America.

Streptomycin is an aminoglycoside-aminocyclitol antibiotic
produced by Streptomyces spp. (23, 45). It was first
isolated in 1944 by Schatz et al. (86) and introduced as an
antituberculosis drug in 1949. However, it frequently
produced serious toxic effects, notably, severe vestibular
dysfunction and, occasionally, partial or complete deafness.
Perhaps its most serious disadvantage lies in the rapidity
with which resistant strains emerge. 1In plant pathology,
streptomycin was mainly introduced to control fire blight.
Extensive experimentation on the efficacy of streptomycin
for the control of fire blight was conducted in North
America in the early 1950s. After streptomycin was
registered in the United States in the late 1950s, it was
used extensively for the control of fire blight on pears in
the West and on apples in the East. Besides fire blight,
streptomycin has been used to control bacterial spot of
tomato and pepper and blister spot of apple. Outside the
United States, streptomycin has also been used in New
Zealand and Canada.

As early as 1958, M. H. Dye had demonstrated the
development of streptomycin resistance in a plant bacterial
pathogen in the laboratory (31). In the field, the
occurrence, frequency, and distribution of streptomycin

resistance in the causal organism of bacterial spot in



tomato and pepper, Xanthomonas campestris pv. vesicatoria,
were first reported in the early 1960s (98, 104).

Resistance to streptomycin has also been reported in several
pathovars of Pseudomonas syringae (13, 26, 49, 85, 102, 109)
and in strains of X. campestris. pv. dieffenbachiae (55).

Streptomycin-resistant E. amylovora was first detected in
pear orchards of California in 1971 (70) and then in pear
orchards of Washington and Oregon (20, 63). Except for a
report of resistant strains on apple in Missouri (91),
detection of streptomycin-resistant E. amylovora has until
recently been limited to the western United States. In the
mid-1970s, attempts to detect resistant strains in apple and
pear orchards in western New York State and in apple
orchards in Michigan failed (7, 103). A second attempt to
detect resistant E. amylovora in 1993 in New York apple
growing areas was also unsuccessful (14). In Michigan, the
first detection of streptomycin-resistant strains of E.
amylovora was in 1990 in an apple orchard in Van Buren
County. The characterization of the streptomycin-resistant
E. amylovora detected in Michigan in 1990 is the subject of
this thesis.

Bacteria have versatile ways to cope with antibiotics and
other toxic elements (5, 11, 22). The mechanisms of
resistance include inactivation of the antibiotics by
enzymes, alteration of the antibiotic target, and reduction
of drug accumulation (12). Some groups of antibiotics are

inactivated by modifying enzymes (22, 93) or destructive



enzymes (1, 3). Inactivation of antibiotics by enzymes is
the most important and commonest mechanism of resistance
since the genes encoding the enzymes are usually carried on
self-transmissible or mobilizable plasmids and transposons.
Antibiotics effectively inhibit the cellular components and
enzymes related to bacterial cell wall synthesis, protein
synthesis, and DNA replication (12). It has been found that
modif}cation with enzymes and mutations of the target sites
may reduce the binding affinity of the target sites to the
antibiotics (58, 75, 95, 107). Overproduction of the target
protein (41) or production of an insensitive form of the
target protein by genes on a plasmid and transposon may also
result in resistance (4, 84). Decreased permeability of the
plasma membrane to toxic substances or decreased binding of
toxic compounds are initially proposed to explain the
mechanism of reduced accumulation by resistant cells (48,
57). Recently, active efflux have been proposed to explain
the mechanism of reduced drug accumulation (2, 60, 68). In
addition to bacteria, active efflux systems, which are
responsible for resistance to a variety of structurally
unrelated antibiotics and toxic compounds, have been
reported in fungi (28), protozoan parasites (56, 66), and
mammalian cancer cells (29). In bacteria, active efflux
systems may contribute to mechanism of resistance to
antibiotic, heavy metals, and other toxic substances (60).
Efflux proteins usually contain membrane-spanning units and

ATP-binding domains that allow them to serve as energy-



dependent transporters, and their genes may occur on
plasmids, transposons, or chromosomes. Recent studies have
shown that active efflux systems are involved in multidrug
resistance in bacteria (19, 77) and in mammalian cancer
cells (29); therefore, mechanisms associated with active
efflux have become of considerable scientific interest.

The first suggestion that the ribosome was the site of
action of streptomycin came in 1961 (97). Since that time
the ribosome has been positively identified as the target
site for all the aminoglycoside-aminocyclitol drugs that
have been tested. The binding of streptomycin to the
ribosome is reversible (6, 16); however, the uptake of
streptomycin is irreversible (15, 78). The binding of
streptomycin to ribosome induces misreading and inhibition
of protein synthesis. It has been proposed (15, 25) that
the irreversible uptake and misreading (mistranslating) and
inhibition of protein synthesis is associated with the
bactericidal, not bacteristatic, action of streptomycin;
however, the detailed mechanism of action is still unclear.

Bacteria use the same strategies to cope with streptomycin
as with other antibiotics and toxic elements. The
mechanisms of resistance used for streptomycin include
alteration of the ribosomal target site, inactivation by
modifying enzymes, and reduced accumulation of streptomycin
in the cells (5, 23). Biochemical and genetics studies have
revealed that streptomycin primarily interacts with 16S

ribosomal RNA (rRNA). Cross-linking experiments have shown



that streptomycin can be linked to a fragment of Escherichia
coli 16S rRNA spanning residues 892 to 917 and 1394-1415
(39), and chemical footprinting studies indicated that bases
909, 911, 912, and particularly bases 913 to 915, which have
been designated as the 915 region, are protected by
streptomycin (72). Streptomycin resistance can result from
changes at the bases equivalent to E. coli 523 (designated
530 loop) and 912 to 915 in the 16S rRNA or changes of amino
acid in ribosomal protein (r-protein) S4, S5 and S12. It
has been observed that mutations at position 912, 914, or
915 (E. coli numbering) in chloroplast 16S rRNA confer
resistance to streptomycin (42, 74), and mutations at
position 912, 913, and 915 have been shown to lower the
response of rib§somes to streptomycin when introduced into
E. coli 16S rRNA (30, 73). Although the 530 loop and r-
proteins S4, S5, and S12 are located on a distinct site from
the streptomycin binding site (59, 69), they are also
involved in streptomycin binding. A mutation at position
523 in the 530 loop of 16S rRNA has been proved to cause
resistance to streptomycin (33, 69). Protein S12, when
altered, can produce a phenotype of streptomycin resistance
(37, 62, 81, 101) in bacteria and chloroplasts, or
streptomycin dependence (9). Mutations in protein S12
confer streptomycin resistance by impairing the binding of
the drug to the ribosome, whereas, mutations in protein S4
or S5 (ram mutations) have the opposite effect since they

enhance streptomycin binding (10, 59).



Aminoglycoside-modifying enzymes include
acetyltransferases (AAC), nucleotidyltransferases (ANT)
(adenylyltransferases, AAD), and phosphotransferases (APH)
(23, 93). Among the enzymes two nucleotidyltransferases,
ANT(3") and ANT(6), and two phosphotransferases, APH(3") and
APH(6), are associated with resistance to streptomycin (93).
ANT(3") confer by resistance to streptomycin and
spectinomycin (24, 46). The enzyme modifies the 3"-hydroxyl
position of streptomycin and the 9-hydroxyl position of
spectinomycin. The ant(3”) gene has been cloned in
association with several transposons (46, 87) and is
ubiquitous among gram-negative bacteria. ANT(6), APH(3")
and APH(6) are characterized by resistance to streptomycin
only. ANT(6) is found in gram-positive organisms (82) and
reacts at the 6-hydroxyl position of streptomycin. APH(3")
and APH(6) modify streptomycin at the 3"- and 6-hydroxyl
groups, respectively. Both phosphotransferases have been
found in streptomycin producing strains of Streptomyces
griseus (45, 65), but APH(6) is the major enzyme and its
gene is clustered with the genes encoding enzymes involved
in streptomycin biosynthesis (65). APH(3") has been found
in many clinically important gram-negative bacteria (38, 50,
80) and in phytopathogenic bacteria (36, 108). Because
bacteria with reduced drug accumulation exhibit low-level
resistance, whereas bacteria with altered ribosome and
inactivating enzymes exhibit high-level resistance, the

mechanism of reduced accumulation has not been studied in



detail even though it is potentially clinical importance.
Whether or not this mechanism results from the development
of an active efflux system remains to be investigated.
Horizontal and vertical transfer of resistance to drugs
and toxic metal ions in bacteria has been shown to be mostly
conveyed by plasmids and transposons which carry resistance
genes (34, 51, 64, 92). Different species of bacteria
harbor characteristic types of plasmids, some of which can
mediate their own transfer by conjugation. However, except
some groups of broad-host-range plasmids most plasmids can
only exist and replicate themselves in a limited number of
bacterial species (105). Transposons have the capacity to
transpose from one DNA molecule to another. This has
undoubtedly contributed to the rapid dissemination of
antibiotic resistance by providing an efficient mechanism
for incorporating resistance determinants into new plasmid
vectors which can transfer to and stably replicate in
diverse hosts. Recent studies on the horizontal transfer of
tetracycline resistance in the gram-positive clinical
pathogen, Streptococcus, have shown that several nonplasmid
conjugative elements, designated conjugative transposons,
mediate the transfer of resistance genes (17, 35, 90).
Conjugative transposons transpose from donor (usually
chromosome-borne) to recipient by a circular DNA
intermediate rather than by a conjugative plasmid.

Conjugative transposons may be more commonly involved in the
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dissemination of drug resistance than plasmids in some
species of the clinically important streptococci.
Transposons have been divided into two groups based on the
organization of their genes (51). Class I transposons, for
example Tn5, carry genes for antibiotic resistance bounded
by two directed or inverted copies of an insertion sequence
(IS) element in the form of a compound transposon. Class II
transposons contain short inverted terminal repeats, a tnpA
encoding transposase of about 1,000 amino acids, a tnpR
encoding resolvase of about 185 amino acids, and drug or
heavy metal ion resistance gene(s). Some class II
transposons, especially those belonging to the Tn21
subfamily, also contain a gene encoding integrase which
mediates a site-specific integration mechanism responsible
for the acquisition of other resistance genes. Therefore
many class II transposons carry several genes for multidrug
resistance which has resulted in the failure of many
antibiotics in chemotherapy (67, 100). The presence of a
transposon is usually detected by the movement of the marker
gene(s) to a recipient replicon, a small multi-copy plasmid
or a conjugative plasmid with an selection marker (27, 35,
44, 99). The movement of transposon (transposition) is
accomplished by transposase and site-specific recombinase
(resolvase) that are encoded by the transposon (40, 92).
Usually, a direct repeat in the target DNA is generated

following the transposition.
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It has been suggested that the aminoglycoside resistance
genes in clinically important bacterial pathogens were
derived from organisms that produce the aminoglycosides (8).
The presence of these enzymes in aminoglycoside-producing
strains could provide a mechanism of self-protection against
the antibiotic produced. Therefore, the actinomycetes could
have provided the initial gene pool from which some of the
present-day aminoglycoside resistance genes were derived. A
second theory is that aminoglycoside resistance genes are
derived from bacterial genes which encode enzymes involved
in normal cellular metabolism (83). Recent studies reveal
that overexpression of a cellular gene may result in
multiple antibiotic resistance in some bacteria (18, 94) as
well as multiple resistance to anti-cancer drugs in
mammalian cancer cells (30). The gene aac(6')-Ic was
detected in both susceptible and resistant strains of
Serratia, but the AAC(6') enzyme was overexpressed in
resistant strains (94). Another example is the mar
(multiple antibiotic resistance) locus in E. coli. Mar
mutants overexpress Mar proteins that mediate the cross-
resistance to several unrelated antibiotics and their genes
have been found in other members of the family
Enterobacteriaceae, including Salmonella, Shigella, and
Klebsiella spp. (19). Although these genes are limited to a
few genera, it is possible that further genetic selection
will result in the mobilization of these genes via

association with plasmids or transposons and will speed the
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dissemination of the resistant determinants through species
barriers.

Although streptomycin resistance in phytopathogenic
bacteria have been noticed since 1958 (31), the mechanism of
resistance was not studied until recent years. Schroth et
al. assumed that resistance to streptomycin in the strains
of E. amylovora was caused by a chromosomal mutation because
no plasmid could be detected (89). Later, resistance in P.
syringae pv. papulans and X. campestris pv. vesicatoria were
found to be carried on plasmids (13, 71). A specific probe,
SMP3, cloned from P. syringae pv. papulans strain Psp36 was
developed for detecting the occurrence, frequency, and
distribution of the resistance gene in the pathogen and many
epiphytic bacteria in New York apple orchards (79). The
probe also hybridized to plasmids in distinct sizes in the
epiphytic bacteria suggesting that different plasmids had
carried the same resistant determinant (79). Probe SMP3 was
also used for a study on streptomycin-resistant E. amylovora
and epiphytic bacteria isolated from Michigan apple orchards
(96). This study indicated that 97% of 152 strains of
epiphytic gram-negative bacteria contained DNA homologous to
the DNA associated with resistance in P. syringae pv.
papulans but none of 28 gram-positive bacteria contained DNA
that hybridized with SMP3. Restriction fragment length
polymorphism of the resistance gene was present among the
resistant epiphytic bacteria and one resistant strain of E.

amylovora (79, 96). The resistance determinant in the
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streptomycin- and copper-resistant P. syringae pv. syringae
has also been studied (102). A restriction mapping
indicated that organization of resistance genes in P.
syringae pv. syringae strain A2 was homologous to
streptomycin resistance genes strA-strB in plasmid RSF1010
(88, 102).

The appearance of antibiotic-resistant human pathogenic
microbes has become a worldwide crisis in this decade.
Rapid development of resistance, especially multidrug
resistance, has stun the pharmaceutical industry in
creating new antibiotics and caused the failure of many
antibiotics in treatment (61, 76). The deciphering of drug
resistance mechanisms will not only allow a better
understanding of incipient clinical crises but may also
suggest strategies for reversing resistance and preventing
the appearance of new resistant microbes (107). Similarly,
the reasons for studying streptomycin resistance mechanisms
in E. amylovora are to develop a better understanding of the
problem and methods for combating resistant strains.

In Michigan, streptomycin-resistant strains of E.
amylovora were first isolated from an apple orchard in
southwest in the summer of 1990. More resistant strains of
E. amylovora and many epiphytic bacteria were collected from
the orchards in the same area and Grand Rapids area in 1990
and 1991. The objective of this research is to determined
the mechanism of resistance in the streptomycin-resistant E.

amylovora strain CAll on a molecular genetic and biochemical



14

basis. Part I describes the molecular genetic analysis of
the resistance determinant. In Part II the entrapment of a
transposon (Tn5393) carried with the streptomycin resistance
in E. amylovora strain CAll, nucleotide sequence analysis of
the transposon, and investigation of the distribution of the
transposon in other gram-negative bacteria are described.
Part III describes the identification of two modifying
enzymes, APH(3")-Ib and APH(6)-Id, encoded by the resistance
genes strA-strB located in Tn5393. The role of the two
modifying enzymes on the level of resistance and the
regulatory expression of the genes are investigated. The
methods and procedures for identifying mechanisms of
streptomycin resistance in bacteria are illustrated as a

flowchart on Appendix C.
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ABSTRACT

Chiou, C.-S., and Jones, A. L. 1991. The analysis of plasmid-mediated streptomycin resistance in Erwinia amylovora. Phytopathology 81:710-714,

Streptomycin-resistant mutants of Erwinia amylovora were isolated
from an apple orchard in Michigan and from crabapple trees adjacent
to the same orchard in 1990. Isolates that grew on King's medi B

amylovora, but not with streptomycin-sensitive strains. Probe SMP3
hybridized to a 2.7-kb restriction frag from Aval-digested total
8 ic and plasmid DNA of two resistant strains of E. amylovora and

amended with 100 ug/ml of streptomycin sulfate were considered to be
resistant strains, whereas isolates that failed to grow on this medium
were considered to be sensitive strains. Growth of the resistant strains
was not inhibited in a filter-paper disk assay (0.06-5 ug of streptomycin
sulfate), but growth of sensitive strains was inhibited at concentrations
as low as 0.06 ug of streptomycin sulfate. Only sensitive strains were
detected in an additional 19 apple orchards sampled for resistant strains.
In colony blot hybridizations, an internal portion of the streptomycin-
resistance gene (probe SMP3) from strain Psp36 of Pseudomonas syringae
pv. papulans hybridized with all streptomycin-resistant strains of E.

to a 1.5-kb fragment in DNA from strain Psp36 of P. s. papulans. The
probe did not hybridize with digested DNA from sensitive strains. A
33-kb plasmid was present in all streptomycin-resistant field strains but
not in streptomycin-sensitive strains. Streptomycin resistance was
transferred by matings to four streptomycin-sensitive recipient strains of
E. amylovora from each of two streptomycin-resistant donor strains.
Transconjugants also contained the 33-kb plasmid. DNA from resistant
strain Ea88-90 from Washington did not hybridize with the probe,
indicating that this strain contains a resistance system unrelated to that
in streptomycin-resistant strains from Michigan.

Fire blight, caused by Erwinia amylovora, is a devastating
disease of apples and pears in North America, New Zealand,
much of Europe, and the Mediterranean region (1). Extensive
experimentation on the efficacy of streptomycin for the control
of fire blight was conducted in North America in the early 1950s.
After streptomycin was registered in the United States in the
late 1950s, it was used extensively for the control of fire blight
on pears in the West and on apples in the East.

Streptomycin-resistant E. amylovora was first detected in pear
orchards of California in 1971 (14) and soon thereafter in pear
orchards of Washington and Oregon (4); in 1988, resistant strains
were ubiquitous in pear orchards of Washington (11). In the mid-
1970s, attempts to detect resistant strains in apple and pear
orchards in western New York state and in apple orchards in
Michigan failed (2,22). Except for a report of resistant strains
on apple in Missouri (19), detection of streptomycin-resistant E.
amylovora has been limited to the western United States. How-
ever, streptomycin resistance in Pseudomonas syringae pv.
papulans has been a problem in apple orchards of the cultivar
Mutsu in the eastern United States (3,8,17).

In California, resistance to streptomycin in E. amylovora is
caused by a chromosomal mutation (18), but streptomycin resis-
tance in P. s. papulans and Xanthomonas campestris pv.
vesicatoria is plasmid-borne (3,15,17). No hybridization was
obtained when a streptomycin-resistance probe from X. c.
vesicatoria was used to probe DNA from a streptomycin-resistant
strain of E. amylovora from California (15). But the resistance
probe did hybridize with DNA from a streptomycin-resistant
strain of P. s. papulans from New York.

This study reports the detection of streptomycin-resistant E.
amylovora on apple in Michigan. It shows that resistance is
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plasmid-borne, and that a DNA probe specific for streptomycin-
resistance in P. s. papulans hybridizes with DNA from strepto-
mycin-resistant strains of E. amylovora but not with DNA from
streptomycin-sensitive strains.

MATERIALS AND METHODS

Bacterial strains and plasmids. Streptomycin-resistant strain
Ea88-90 of E. amylovora was supplied by R. G. Roberts, Tree
Fruit Research Laboratory, Wenatchee, WA. All other strains
of the bacterium were isolated from apple trees in Michigan during
the course of this study. Strains Psp36 and Psp32 of P. s. papulans
were supplied by T. J. Burr, New York State Agricultural Experi-.
ment Station, Geneva. Plasmid pCPP505, containing an internal
portion of the streptomycin resistance gene from strain Psp36
of P. s. papulans (17), was supplied by J. L. Norelli, New York
State Agricultural Experiment Station, Geneva.

Detection of streptomycin-resistant Erwinia amylovora. In June
1990, samples of fire blight were reccived from an apple grower
in southwest Michigan (orchard SW) who suspected a problem
with streptomycin-resistant E. amylovora. Bacteria were isolated
from the samples by placing small bits of tissue from infected
spurs and shoots on King’s medium B (KB) containing 100 ug/ml
of streptomycin and 50 ug/ml of cycloheximide (KBsc). The
pathogenicity of eight strains isolated from orchard SW was
established by inoculating immature Jonathan apple fruit in the
laboratory. Upon reisolation, five strains from orchard SW and
two strains from an orchard located at the Botany and Plant
Pathology Farm, Michigan State University, East Lansing, were
tested for resistance to streptomycin by evenly spreading 107
colony-forming units per milliliter onto nutrient-yeast-dextrose
agar (4). About 5 h later, six 12.7-mm-diameter filter-paper disks
(Schleicher & Schuell Inc., Keene, NH) were placed equidistant
on the surface of the plates. Aliquots (50 ul) of solution from
a streptomycin sulfate dilution series were applied to the disks.
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Each treatment was replicated four times. Plates were incubated
at 22 C, and inhibition zones were measured after 4 days.

Orchard survey. Spurs and terminals with active fire blight
lesions were collected in June and early July 1990 from 20 apple
orchards throughout the western Michigan fruit belt, including
orchard SW. Infected twigs were also collected from seedling
crabapple trees in a 2-ha block adjacent to orchard SW. After
pulling back the bark, two small pieces of tissue were removed
from the water-soaked tissue distal to the necrosis. One piece
of tissue was placed on KB with 50 g/ ml of cycloheximide (K Bc),
and the second was placed on KBsc. Isolations were made from
up to 10 samples per location (25 samples, however, were taken
from orchard SW). Nonfluorescent white, semimucoid colonies
typical of E. amylovora that formed on KBc or KBsc in 72 h
at 20 C were streaked onto the selective high-sucrose medium
of Crosse and Goodman (5). Bacteria characteristic of E. amylo-
vora on the high-sucrose medium were saved for study.

Plasmid characterizations. Sensitive and resistant strains of E.
amylovora from orchard SW and from crabapple trees adjacent
to orchard SW were screened for plasmids using a modification
of the method of Kado and Liu (9) as described by Burr et al
(3). Plasmid DNA was electrophoresed on 0.5% agarose gel,
stained, and photographed as described by Sundin et al (21).

Hybridizations. Plasmid pCPP505 was received, maintained,
and amplified in Escherichia coli strain DHI1. Probe SMP3 was
prepared as described by Norelli et al (17). Plasmid DNA,
extracted by the alkaline lysis method described by Maniatis et al
(12) from cultures grown for 16 h at 37 C in Luria-Bertani (LB)
medium containing 50 pg/ml of ampicillin and 50 ug/ml of
streptomycin, was digested with restriction enzymes BamHI and
Aval. A 500-bp restriction fragment (SMP3) was excised from
a low melting temperature agarose gel following electrophoresis
in Tris-borate EDTA buffer. The fragment was radiolabeled with
32p by the randomized oligonucleotide labeling procedure
(Random Primed DNA Labeling Kit, U.S. Biochemical,
Cleveland, OH).

Colony hybridizations with DNA probe SMP3 were performed
with streptomycin-sensitive and streptomycin-resistant E.
amylovora. Up to five sensitive strains from each orchard and
all resistant strains were transferred to Colony/Plaque Screen
hybridization transfer membranes (New England Nuclear
Research Products, Boston, MA) that had been placed on the
surface of KB agar plates and incubated for 48 h at 20 C. Colonies
of E. coli with pCPP50S and strain Psp36 of P. s. papulans (strep-
tomycin-resistant) and strain Psp32 of P. s. papulans (strepto-
mycin-sensitive) were included on each membrane as positive and
negative controls, respectively. The bacteria were lysed and the
DNA denatured and fixed to the membranes according to the
manufacturer’s instructions. Hybridizations were performed over-
night and the membranes washed according to the manufacturer’s
recommended procedures. Autoradiographs of membranes were
carried out with XAR X-ray film at —70 C.

Restriction enzyme digests and Southern blots. Plasmid DNA
was isolated by alkaline lysis extraction followed by cesium
chloride centrifugation (12). Total genomic DNA was prepared
by a miniprep procedure (23). The purified plasmid and total
genomic DNAs were digested with Aval, and following gel electro-
phoresis and Southern transfer to GeneScreen hybridization
transfer membrane, hybridizations were carried out as described
for colony hybridizations.

Bacterial conjugation. Recipient strains were rifampicin-
resistant variants of streptomycin-sensitive parental strains ELOI1,
BC06, GROS, and MAOS. Donor (HO62-1 and CAll) and
recipient strains were grown for 16-24 h at about 22 C on a
rotary shaker in 5 ml of LB medium amended with 50 pug/ml
of streptomycin (donor strains) or 150 ug/ml of rifampicin
(recipient strains). The cultures, each with about 10" cells per
milliliter, were mixed in a 1:1 ratio, and 10-ul aliquots were plated
on KB medium and incubated 24 h at 22 C. Cell mixtures were
suspended in 10 ml sterile distilled water, vortexed, serially diluted,
and plated on LB medium amended with 50 g/ ml of streptomycin
or 150 ug/ml of rifampicin to determine donor and recipient

populations, respectively. Cell mixtures were also plated on LB
medium amended with both 50 ug/ml of streptomycin and
150 ug/ml of rifampicin to determine the population of trans-
conjugants. Colonies with good growth on LB medium amended
with both antibiotics were considered putative transconjugants.
The frequency of spontancous resistant mutants was determined
by plating donor and recipient strains on LB medium amended
with rifampicin and streptomycin, respectively.

RESULTS

Detection of resistance. Colonies of E. amylovora were
recovered on KBsc medium from eight samples of fire blight from
orchard SW. When immature fruit were inoculated with these
bacteria, all of the strains caused typical symptoms of fire blight,
including the production of bacterial ooze.

Level of resistance. Pathogenic strains initially recovered on
KBsc medium were highly resistant to streptomycin. Each strain
grew to the margin of filter-paper disks containing the highest
level (5 ug per disk) of streptomycin sulfate tested. Two strains
from the orchard in East Lansing were sensitive to streptomycin,
as indicated by the development of clear zones around each disk.
Mean size of zones of inhibition for the two sensitive strains
were 13.6, 14.2,15.8, 19.4, 22.2, and 25.0 mm for disks that received
0.06, 0.31, 0.62, 1.25, 2.50, and 5.0 ug of streptomycin sulfate,
respectively.

Distribution of resistant strains. E. amylovora was recovered
on KBc from 137 samples and on KBsc from 20 samples of fire
blight collected from 20 apple orchards in western Michigan. All
streptomycin-resistant strains (20 out of 25 samples) were
recovered from orchard SW. No streptomycin-resistant strains
were detected in samples from the remaining 19 orchards. Five
streptomycin-resistant strains of the bacterium were also recovered
from 15 samples of fire blight collected from crabapple trees
adjacent to orchard SW.

Colony hybridization studies. The probe hybridized with
plasmid pCPP505 and with DNA from streptomycin-resistant
strain Psp36, but not with DNA from streptomycin-sensitive strain
Psp32 of P. s. papulans. Total DNA from all 25 streptomycin-
resistant colonies of E. amylovora from orchard SW and the
adjacent crabapple trees (but no DNA from 78 colonies of strepto-
mycin-sensitive E. amylovora, including five strains from orchard
SW) hybridized with the probe in colony blot hybridizations.
Probe SMP3 did not hybridize with DNA from streptomycin-
resistant E. amylovora strain Ea88-90 isolated from pear in
Washington.

Plasmid characterizations. Streptomycin-resistant strains from
orchard SW and the neighboring crabapple trees contained a
plasmid of approximately 33 kb that was not present in strepto-
mycin-sensitive strains isolated from these same locations (Fig.
1). In addition, all strains from these orchards and all other strains
of E. amylovora examined for plasmid content, including strain
Ea88-90 from pear in Washington state, contained a plasmid of
approximately 30 kb. Confirmation that this plasmid was the
ubiquitous plasmid common to E. amylovora (10) was obtained
by comparing fragment sizes from Sall, Pstl, and Kpnl restriction
digests of the isolated plasmid with fragment sizes reported in
Table 1 of Falkenstein et al (7). Single digests with each of these
restriction enzymes of the plasmid isolated from strain Ea88-90
yielded 4, 9, and S restriction fragments, respectively. Strepto-
mycin-sensitive strain BC06 contained a large plasmid in addition
to the 30-kb plasmid.

Southern analysis. A single 2.7-kb fragment in Aval digests
of both plasmid and total genomic DNAs of two streptomycin-
resistant strains of E. amylovora hybridized with probe SMP3
(Fig. 2, lanes S, 6, 9, and 10). None of the Aval fragments of
DNAs from two streptomycin-sensitive strains of E. amylovora
hybridized with the probe (Fig. 2, lanes 7, 8, 11, and 12). Hybrid-
ization with probc SMP3 also occurred with a 1.5-kb fragment
in Aval digests of plasmid and of total genomic DNAs from
streptomycin-resistant P. s. papulans strain Psp36 (Fig. 2, lanes
1 and 2) and with a 3.7-kb fragment in digested DNAs from
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E. coli with plasmid pCPPS05 (Fig. 2, lanes 3 and 4).

Bacterial conjugation. Transfer of the plasmid carrying the gene
for resistance to streptomycin in donor strains HO62-1 and CAI1

chieved in matings with four recipient strains (Table 1)

The frequency of transfer of resistance varied from 2.7 X 10~
10.4.5 X 10" Spontancous mutations to streptomycin resistance
were less than 20 X 107", and spontancous mutations to
rifampicin resistance was about 5.0 X 10" per donor cell,

Transfer of streptomycin resistance in E. amylovora was
associated with transfer of the 33-kb plasmid. All transconjugants
resulting from the mating of donor strains CAl1 and recipient
strains BC06 rif and ELOI rif’ contained a 33-kb plasmid not
present in the recipient strains (Fig. 3). DNA of putative trans-
conjugants, randomly chosen from antibiotic selection plates,
always contained an Aval restriction fragment identical to one
in restriction digests of DNA from donor strains but absent in
restriction digests of DNA from recipient strains (Fig. 4A)

lasmid DNA from transconjugant BCO6 rif' X HO62-1 contained
a 23-kb restriction fragment associated with donor HO62-1 and
CAII but not with recipient BCO6 rif (Fig. 4A, lanes 4-6). A
2.7-kb Aval restriction fragment in streptomycin-resistant donor
and transconjugant strains, but not in streptomycin-sensitive
recipient strains, hybridized with probe SMP3 (Fig. 4B, lanes
2-4,6,and 7).

28

DISCUSSION

The detection of a putative streptomycin-resistance gene in E
amylovora that grew on media amended with streptomycin is
strong evidence that streptomycin-resistant strains of the
bacterium are present in Michigan. In addition, our conjugation
and hybridization studies provide evidence that resistance in E.
amylovora from Michigan is plasmid-borne. In our study, probe
SMP3 did not hybridize with DNA from streptomycin-resistant
strain Ea88-90 of E. amylovora from Washington. The failure
of probe SMP3 to hybridize with a streptomycin-resistant strain
from the western United States is evidence that the resistance
system in the two regions is unrelated.

DNA

Michigan hybridized with DNA sequences rum the internal
portion of a streptomycin-resistant gene cloned from strain Psp36
of P. 5. papulans. In previous studies on streptomycin resistance
in field strains of £ amylovora from California, resistance was
found to be chromosomal (I8). In addition, a 4.9-kb DNA
subclone from streptomycin-resistant Y. c. vesicatoria did not
hybridize with DNA from streptomycin-resistant strain UCBPP
829 of E amylovora from California, but it did hybridize with
DNA from strain Psp36 of P. s. papulans from New York (15)
This is evidese m.u the DNA sequences in the two pathogens
are cloely relned. Base sequencing and other forms of geaetic

nalyses are recded 1o xabliah whether the genes in the two
pmhcgens are identical. Because the DNA sequences associated
with resistance in P. 5. papulans and X. c. vesicatoria are related
(15), the DNA associated with resistance in £ amylovora must
also be closely related to the DNA associated with streptomycin-
resistance in X. c. vesicatoria.

SW and in crabapple trees next to orchard SW, but not in 19
other orchards, is evidence that resistant strains of the bacterium
are currendly localized in Michigan's large apple-growing region.
The high frequency of transfer of streptomycin resistance from
donor strains HO62-1 and CAll is evidence that transfer of
resistance (o other strains of the bacterium could result in a rapid
increase in_streptomycin-resistant E. amylovora in Michigan
orchards. The spread and buildup of streptomycin-resistant E.

TABLE I Frequencyofconjogationaltrasser o resistanc rom rept-

mycin-resistant to sur in-sensitve Erwinia amylovor

Fig. 1. Plasmids in field strains of from apple 24 pank to Hiplommissenitive

orchard SW in southwest Michigan and from adjacent crabapple trees T

Streptomycin-resistant strains CA13, CAI1, HTI6, HTOI-1, and HT06 R‘mwem I Recipient
strains

are in lanes 1, 3, 6, 7, and 8, respectively, and sireptomycin-sensitive
strains CAI0, CA6, HTO3, in lancs 2, 4, 9, and 10,
respectively. Lane $ contaias Erwinia siewariistrain SW2.

1234567 8910 1112

kb
3.7— -

2.7 — -
15— —-

Fig. 2. Autoradiograph of a Southern blot of plasmid DNA, first, and
ot genomic DNA (ncluding plasmid DNAY), scond, of Peudomionas
syringae pv. papulans strain Psp36 (lanes | and 2), and DHI with plasmid
PCPPS0S (anes 3 and 4) and streptomycin-resistant (CAI, lanes $ and
6 HO62-1, lanes 9 and 10) and streptomycin-susceptible (BCOS,
7 and 8; ELOI, lanes 11 and 12) strains of Erwinia amylovora digested
with Aval and hybridized to probe SMP3. The sizes (in kb) of hybridizing

Fig. 3. Agarose gel clectrophoresis of cleared Iysates of donor, recipicnt
and transconjugant strains of Erwinia amylovora. Lane 1, recipient BCO6
s lane 2, rancoogant BCO ni! X CAL lan 3, donor CAL lane

DNA are given at the far left.
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1 dif' X CAIL lane S, recipient ELOI rif", lane
bl oy plasmid denicaiinrsrcion pattern to pEA29 (7).



um bromide-stained gel (A) and autoradiograph of a Sout
smylovora digested with Aval

X CAL; lane 3, donor CALI lane 4, transconjugant BCO6 rif’ X

lane 7 donor HO62-1: lane 8, transconjugant

CAlL

and hybridized to probe SMP:

29

] 2 3 4 5 6 7 8 9
—— - - —
B
hern blot (B) of pl As of donor, recipieat, and transconjugant

5 o 1
lane 5, recipient

eapicns ELDL Al tase 3. wancongugam ELOI A"
BCO6 if'; lane 6, transconjugant BCO6 rf’ X HO62-1;

ELOI rif” X HO62-I; and lane 9, recipient ELOI rif". The sizes (in kb) of hybridizing [ragments

calculated from EcoRI-Hindlll-digested bacteria phage lambda DNA are given at the far eft

amylovora presents a serious economic threat to apple and pear
growers because of the lack of alternative bactericides for the
control of fire biight.

To limit further spread of resistant strains and reduce the
likelihood of selecting resistant strains elsewhere in Michigan,
it is important that apple and pear growers limit applications
of streptomycin to a period from bloom to about the first cover
stage of bud development (a maximum of four applications per
season). The frequency of spray applications could be reduced
even more by using a t system to aid in the timing of
applications of streptomycin for the control of fire blight (20).
Although the occurrence of ;lreplumycm resistant £ amylovora
in California and Washington could not be correlated with the
use oftreptomycin (11, 18), it was suggestedthat slection pressure
was not sufficient in the East, due o the limited use of strepto-
aycing t Cause resistant string 10 buld up to detectable Jevels
(16). Orchard SW has had a history of fire blight problems for
over 20 yr, and the management program for fire blight in this
orchard has been one of the most inteasive in Michigan (A. L.
Jones, personal observation). Grower records indicate lhal in
1988, 1989, and 1990 streptomycin was applied in 6, 7,
applcaions (54 ke/ha of actual streptomycin over 3y,

ively. The continued and frequent use of streptomycin in
orchard SW could have resulted in the bulldup of ste¢ptomycin-
resistant E. amylovora to detectable levels. Although Terramycin-
streptomycin combinations have been shown to delay resistance
in laboratory trials (6), this strategy cannot be utilized until
Terramycin is registered on apples
detected streptomycin-resistant £ amylovora in
crabapple trees, there is evidence that the resistant strains have
statedto move out ofachurd SW. Now these nlcted erabagple
are a potential source of resistant strains for reinfecting
orehard SW and for infeting other orchards currently free of
reisantstans. Removalofthse crabapple tees would reduce
in southwest
Michigan. It is alm hktlv that the resistant strains in the two
orchards have a common source. Strain HO62-1 from orchard
SW and strain CA11 from crabapples carried the resistance gene
on the same size plasmid. Also, no_ restriction-length poly-
morphism was obscrved among Aval DNA fragments from the
two strains, but Aval digests of DNA from some sensitive strains
produced different restriction patterns.

Unlike P. 5. papulans, with its high diversity in plasmid content
(3.8), the plasmid content of £ amylovora is predictable and
not diverse. All strains have a plasmid of approximately 30 kb,
and some strains have an additional plasmid of approximately
65 kb (13). The failure to detect a plasmid of approximately 33
kb in carlier studies on plasmids in £ amylovora suggests that
it may be a recent introduction into the bacterium. It is possible
that a transposable clement carrying the resistance gene has been
inserted into the approximately 30-kb plasmid, or that E. amylo-
vora has acquired a new plasmid. Characterization of the plasmid
of approximately 33 kb would help to determine if one of these
possibilities is correct.

The streptomycin-resistance gene identified in £ amylovora
is widely geographically distributed in . 5. papulans and in X. c.
vesicatoria (3,8,15). It is also widely distributed among a diverse
group of gramencgative bacteria Wolated from appl orchards
in New York (I7) and in Michigan, including orchard SW
(P. Sobiczewski, C.-S. Chiou, and A. L. Jones, uruzubluhtddam)

The presence of a homologous streptomycin-resistance gene in
both saprophytie and pathogenic baceris that inkabit apple
suggests that acquisition of streptomycin resistance
amylovora was by conjugation. We are currently m»:mgznng
the possibility that the gene can be transferred from saprophytic
gram-negative bacteria to E. amylovora.
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A class IT Tn3-type transposable element, designated Tn5393 and located on plasmid pEa34 from
streptomycin-resistant strain CA11 of Erwinia amylovora, was identified by its ability to move from pEa34 to
different sites in plasmids pGEM3Zf(+) and pUCD800. Nucleotide sequence analysis reveals that Tn5393
consists of 6,705 bp with 81-bp terminal inverted repeats and generates 5-bp duplications of the target DNA
following insertion. Tn5393 contains open reading frames that encode a putative transposase (tnpA4) and
resolvase (tnpR) of 961 and 181 amino acids, respectively. The two open reading frames are separated by a
putative recombination site (res) consisting of 194 bp. Two streptomycin resistance genes, str4 and strB, were
identified on the basis of their DNA sequence homology to streptomycin resistance genes in plasmid RSF1010.
StrA is separated from tnpR by a 1.2-kb insertion element designated 1S1133. The tnpA-res<npR region of
Tn5393 was detected in Pseudomonas syringae pv. papulans Psp36 and in many other gram-negative bacteria
harboring str4 and strB. Except for some strains of Erwinia herbicola, these other gram-negative bacteria
lacked insertion sequence 1S1133. The prevalence of str4 and strB could be accounted for by transposition of

Tn5393 to conjugative plasmids that are then disseminated widely among gram-negative bacteria.

The bacterium Erwinia amylovora (Burrill 1882) Winslow,
Broadhurst, Buchanan, Krumwiede, Rogers, and Smith 1920
causes fire blight, a disease of apple and pear trees and other
rosaceous plants. Streptomycin has been used commercially
in the United States, Canada, and New Zealand since the
late 1950s to control fire blight and certain other bacterial
diseases of plants. Streptomycin-resistant E. amylovora has
been detected in fruit-growing areas of the western and
midwestern United States (3, 4, 33, 34), but little is known
about the molecular basis for the resistance in this bacte-
rium. The development of resistant strains of E. amylovora
is particularly significant because of the lack of alternative
methods of control for this devastating disease.

Resistance to streptomycin in Pseudomonas syringae pv.
papulans, Xanthomonas compestris pv. vesicatoria, and E.
amylovora is often plasmid borne (2, 3, 14, 24). Sequences of
plasmid DNAs from these streptomycin-resistant bacteria
and from numerous epiphytic gram-ncgative bacteria iso-
lated from apple orchards cross-hybridized (3, 24, 27, 36).
Although the DNA sequences associated with streptomycin
resistance in these bacteria were related, the size of the
plasmids harboring these sequences varied markedly.

The widespread distribution among plant-pathogenic and
plant-associated gram-negative bacteria of related plasmid-
borne genes for resistance raises the basic question of how a
common determinant for streptomycin resistance has devel-
oped on different plasmids. Spread of antibiotic resistance
by transposable elements in the bacterial population of
human and animal pathogens is well documented (25), but to
date no active transposable element has been demonstrated
in the movement of antibiotic resistance among plant-patho-
genic bacteria.

We report that the genes for streptomycin resistance in E.

* Corresponding author.
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amylovora are located on a transposable element designated
Tn5393 and that resistance in P. syringae pv: papulans Psp36
and in many epiphytic gram-negative bacteria from apple
orchards is associated with Tn5393. In addition, we report
that the nucleotide sequence of the genes conferring resis-
tance to streptomycin in E. amylovora and epiphytic gram-
negative bacteria from apple orchards is homologous to the
streptomycin resistance genes on plasmid RSF1010 (10, 32).

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacteria and plasmids
used in this study are listed in Table 1. Strains of Escherichia
coli were grown on Luria-Bertani (LB) agar or in LB broth at
37°C. All other bacteria were grown on King’s medium B
(16) agar or in broth at 22°C. Unless otherwise indicated, the
media were supplemented with appropriate antibiotics at
concentrations in micrograms per milliliter as follows: strep-
tomycin, 50; kanamycin, 50; and ampicillin, 100.

Hybridization studies. Colony and Southern hybridizations
were performed by using Colony/Plaque Screen and Gene-
ScreenPlus (New England Nuclear, Boston, Mass.) as de-
scribed by the manufacturer. Probes were radiolabeled with
[«-*?P)dCTP by the randomized oligonucleotide labeling
procedure (Random Primed DNA Labeling Kit, United
States Biochemical, Cleveland, Ohio). Hybridizations were
performed overnight, and the membrane was washed ac-
cording to the manufacturer’s recommended procedures.
Autoradiography was performed at —70°C with XAR X-ray
film.

Cloning, isolation, and restriction mapping of pEa34. Plas-
mid pEa34, which carries the genes for streptomycin resis-
tance, was introduced into E. coli JM109 by conjugation
from E. amylovora CAl1 as previously described (3). Trans-
conjugants were selected on LB agar supplemented with
streptomycin and incubated at 37°C. The presence of plas-
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TABLE 1. Bacterial strains and plasmids used in this study

Strain(s) or plasmid

Relevant characteristic(s)*

Source or
reference(s)

Bacterial strains
Erwinia amylovora

ELO01, BC06 Sm* 3
CAll Sm’, containing pEa34 3
Escherichia coli
JM109 endAl recAl gyrA96 thi hsdR17(re™ my*) reldl supE44 N\~ A(lac-proAB) 44
[F’ traD36 proAB lac[RZAM15)
JMEa34-1 Sm’, JM109 containing pEa34 This study
JMUCDB8001 Km', JM109 containing pUCD800 This study
JMGEM3 Amp’, JM109 containing pPGEM3Zf(+) This study
Pseudomonas syringae Sm’, containing pCPP501, isolated in New York 2,27
pv. papulans Psp36
Other gram-negative Sm’, various genera 36
bacteria (147 strains)®
Plasmids
pCPP505 A 2.1-kb fragment with strA4 and strB from pCPP501 cloned on pBR322 27
pEa34 Containing Tn5393 with str4 and strB This study
pGEMTN-1 Tn5393 inserted on nucleotide 347 of pPGEM3Zf(+) This study
pGEMTN-7 Tn5393 inserted on nucleotide 331 of pGEM3Zf(+) This study
pGEM3Zf(+) 3.2 kb with Amp' gene Promega Corp.
pSTRBS A 2.5-kb BamH]I-Sall fragment with strA and strB from pCPPS05 cloned This study
on pGEM3Zf(+)
pUCD800 14.5 kb with Km' gene 8

¢ Sm’, streptomycin resistance; Sm*, streptomycin ivity; Km’, ka

hybridized with probe SMP3.

ycin resistance: Amp', ampicillin resistance. All Sm’ strains contained DNA that

® One hundred forty of these strains contained DNA that hybridized with probe SAC32; five strains also contained DNA that hybridized with a 25.6-kb Smal

fragment from pEa34.

mid pEa34 in the transconjugants was confirmed by the
method of Kado and Liu (15).

Plasmid pEa34 was isolated and purified from transcon-
jugant E. coli IMEa34-1 by alkaline lysis extraction followed
by centrifugation on CsCl gradients (21). The plasmid was
digested with restriction enzymes Apal, BamHI, Notl, Pstl,
Sacl, Smal, and Xbal, and the sizes of restriction fragments
were estimated by coelectrophoresis with 1-kb DNA ladder
markers (GIBCO-BRL, Grand Island, N.Y.). Restriction
fragments were cloned into vector pPGEM3Zf(+) to investi-
gate the location of the streptomycin resistance genes.

Detection of a transposon from pEa34. To test whether the
determinant for streptomycin resistance on pEa34 was trans-
posable, high-copy-number plasmids pGEM3Zf(+) and
pUCDB800 were used as recipient replicons to entrap the
element. Plasmid pEa34 was introduced into E. coli JM-
GEM3 and JMUCDS800 by conjugation from E. amylovora
CAll or E. coli JMEa34-1. Twenty-four transconjugant
colonics were chosen randomly from each combination and
grown in 5 ml of LB medium with streptomycin and either
ampicillin or kanamycin for 16 h at 37°C and then subjected
to plasmid analysis (15). Plasmid DNA from each transcon-
jugant clone was isolated by alkaline lysis (21) and then
transformed into competent E. coli JM109 cells (26). Trans-
formants were selected by plating onto LB medium supple-
mented with ampicillin or kanamycin, followed by replica
plating of the resultant colonics onto LB medium supple-
mented with the appropriate antibiotic plus streptomycin.
Colonies resistant to streptomycin and either ampicillin or
kanamycin and containing a plasmid only about 6.7 kb larger
than the recipient replicons were selected for restriction
enzyme analysis. Restriction mapping with Sacl, Aval, Pst1,
and HindllI and hybridization with radiolabeled pEa34 DNA

were used to determine which portion of pEa34 had inserted
into the plasmids and the insertion sites.

Cloning and sequencing of DNA. Plasmids pSTRBS,
pGEMTN:-1, and pPGEMTN-7 were used as the source DNA
for nucleotide sequencing. Plasmid pSTRBS was con-
structed by cloning a 2.5-kb BamH]I-Sall DNA fragment of
pCPPS05 (27) in vector pPGEM3Zf(+). Plasmids pPGEMTN-1
and pGEMTN-7 resulted from the capture of transposon
Tn5393 in opposite directions on nucleotides 347 and 331,
respectively, of pGEM3Zf(+). Deletions of the plasmids
were performed with Exolll (Erase-a-Base kit; Promega
Corp., Madison, Wis.). A nested series of delction subclones
of 200 to 250 bp each was selected, and their sequences were -
dctermined by the dideoxy chain-termination method using
denatured plasmid templates (11, 31). Nuclcotide dGTP was
replaced by dITP in some sequencing reactions to reduce
band compression of the nuclecotide sequence (Sequenase
version 2.0, United States Biochemical). All sequences were
confirmed by sequencing both strands from at least two
overlapping clones. The nucleotide sequences and the de-
duced amino acid sequences were analyzed with software
from the University of Wisconsin Genetics Computer Group
(UWGCG software, version 7.0; S).

Detection of Tn5393 and pEa34 in other gram-negative
bacteria. A 3.2-kb Sacl fragment from Tn5393, designated
SAC32 (Fig. 1B), was used as a probe in colony and
Southern hybridizations to detect transposon Tn5393. Col-
ony hybridization was used to screcn 147 strains of strepto-
mycin-resistant cpiphytic gram-negative bacteria, which
containcd DNA that previously had hybridized with probe
SMP3 (36). Southern hybridization was conducted to ana-
lyze Sacl-digested plasmid DNAs from P. syningae pv.
papulans Psp36, E. amylovora ELO1 and CAll, eight strains
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FIG. 1. (A) Restriction enzyme map of plasmid pEa34 from E.
amylovora CA11. Each restriction site is designated on the basis of
its distance (in kilobases) from the unique BamHI site. The location
of streptomycin resistance genes strA and strB is indicated with a
double arrow, and the location of transposon Tns393 is indicated
with a thick line. (B) The proposed genetic map for transposon
Tn$393. The proposed elements in Tn5393 are IR, transposase gene
(mpA), region res, resolvase gene (tnpR), insertion element
(IS1133), 5trA and strB genes, and IR, respectively. The directions
of transcription of the genes are indicated with arrows. The loca-
tions of probe SMP3 from P. syringae pv. papulans Psp36 and of
probe SAC32 are shown by the open boxes immediately below the
genetic map. The locations of DNA sequences from RSF1010 and

PS0S that are identical to the sequence in Tn3393 are shown b
the slashed boxes, and the IR sequences are shown by the filled
boxes.

of the epiphytic bacteria which hybridized to SAC32 in
colony hybridization, and two strains that did not hybridize.

To detect plasmid pEa34, a 25.6-kb Smal fragment from
PpEa34 was used as a probe in colony hybridizations with E.
amylovora ELO1 and the 147 strains mentioned above.
Plasmid pEa34 was used as the probe in Southern analysis of
Aval-digested plasmid DNAs from six selected strains of

a.

Nucleotide sequence accession number. The GenBank ac-
cession number for the 6,705-bp transposon scquence is
M96392

J. BACTERIOL.

RESULTS

Restriction map of pEa34. Plasmid pEa34 was transferred
from E. amylovora CA11 into E. coli IM109 by conjugation;
plasmid DNA was isolated, and its restriction map was
determined. The unique BamHI site was used as a reference
point for the restriction map of plasmid pEa34 (Fig. 1A). The
plasmid also contained unique Apal, Notl, and Xbal sites;
three Sacl sites; three Smal sites; and five Pst] sites. On the
basis of the size of the restriction fragments, the plasmid was
determined to be 34 kb in size. The smallest restriction
fragment to confer resistance to streptomycin when ligated
into plasmid pGEM3Z((+) was located between the Xbal
and Pstl (4.7) sites and was 2.8 kb in size.

Detection of a transposable element from pEa3d. When
plasmid DNAs from 24 transconjugant Solonics with
PGEMB3Z{(+) as the recipient replicon were examined, cells
from 12 colonies contained a 9.9-kb plasmid that was not
detected in the donor or recipient strains (data not shown).
Cells of E. coli JM109 transformed with the 9.9-kb plasmid
were resistant to both streptomycin and ampicillin. The
high-copy-number plasmid was about 6.7 kb larger than the
recipient replicon. Restriction mapping and Southern analy-
sis of 9.9-kb plasmids from several transformants revealed
that a 6.7-kb fragment from pEa34 had inserted into different
sites in pGEM3ZI(+). Similar results were obtained when
plasmid DNAs from 24 transconjugant colonies with
pPUCDS00 as the recipient replicon were examined. The
6.7-kb fragment from pEa34 was considered to be a trans-
posable clement and was designated transposon Tns393.

Sequence and coding regions of transposon Tns393. The
nucleotide sequence of Tns393 (Fig. 2) was analyzed to
produce a restriction enzyme map and proposed genetic map
for the transposon (Fig. 1B). A search of the GenBank data
base indicated that Tn5393 contained four functional open
reading frames (ORFs) located between the 81-bp inverted
repeats. The size and orientation of ORFs C and D suggested
that ORF C encodes a_transposase (tnpA) and ORF D
encodes a resolvase (1npR). ORF C encodes a polypeptide of
961 amino acids, is transcribed in a direction opposite to that
of the other ORFs, and is terminated by a stop codon within
the inverted repeat (IR). When the data base was searched
for a putative polypeptide encoded by ORF C, identity of 29,
40, 31, 38, and 33% and similarity of 51, 61, 54, 57, and 56%
with transposases of Tn3, Tn2/, Tn917, Tn2501, and Tn4430,
respectively, were found (1, 12, 20, 41, 42). ORF D encodes
a polypeptide of 181 amino acids. It exhibits 34, 34, 36, and
37% identity and 56, 52, 60, and 56% similarity with re-
solvases of Tn3, Tn2], Tn917, and Tn2501, respectively (6,
12, 23, 35). However, ORF D revealed higher homology to
integrases of E. coli and bacteriophage Mu and recombi-
nases of Shigella boydii and bacteriophage P1 with 48, 47,
47, and 44% identity and 65, 63, 63, and 62% similarity,
respectively (13, 28, 29, 40). A stretch of 194 bp, with two
putative promoter sequences (nucleotides 2945 to 2940 and
3057 to 3062) for the transcription of fnpA and tmpR, sepa-
rates ORFs C and D.

ORFs A and B encoded polypcplldcs of 267 and 278 amino
acids, uence
indicated that ORFs A and B share DNA sequence identity
with ORFs H and I of plasmid RSF1010. The nucleotide
sequence of ORF A differed by 3 bp (nucleotides 5163, 5426,
and 5429) from the sequence of ORF H, and the sequence of
ORF B was identical 1o the sequence of ORF I in RSF1010,
These ORFs were designated strA and strB by Scholz et al.
(32). A 1.2-kb scquence (nucleotides 3660 to 4891) with 27-bp
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G CCATCCGAGCGGCGAAACATGG
* P X P WURYEGTULNTIHEWGIL P S V H

GCCAAGAGATCGGGCGATAGCAGCTTTCCATCGCGTTTCTGGTTTGCAACGACCTCGCCGAGCTTCATGGTGTTCCAGAAGATGATGATGGCGGCGAGCA
AL L DUPSLUL KGUDU RIKU QNAVVEGLI KMTNUWTF I I I A AL

GATTCATGCCGGCGATGCGGTAATGCTGGCCTTCGGCGGAACGGTCGCGGATTTCACCGCGGCGGTGGAAGCTGATTGCCCGCTTCAGCGCATGATGACG
L NM G A I R Y HQGEASU RDU RTIUETGR R RHTFS I ARIKIULAUHHR

TTCGCCTTTGTTGAGCCCGATCTGGGCACGCCGTTGGAGTTCGGCATCCAGAATCCAGTCGATCATGAACAGGGTGCGCTCGACGCGACCGACTTCCCGC
E G K N L G I Q A RRUOQULEA AWLDIULTIWDTIMTFLT REVRG V ER

AGGGCTGTCGCGAGCTCGTTCTGCCGCGGATAGGAGGCGAGTTTCCGCAGAATCTGGCTTGGCGCGACGGTCCCGGCAGCAATGGTGGCGGCGATGCGCA
L ATAULENAGQRUPY S ALIKR RILTIWOQSUPAVTGA AATITA AA ATIR

GGATGTCGGGCCAATTGCGCTCGATCATGGCTTGGTTGACCTTTCCGCCGATCAACGCTCGCAGGTGCGCCGGGGCGGCCGACGGATTGAACGCGTAGAG
L I DPWNRETIMAQNYVIKSGU GTIULARTILHAPA AASUPNTFAYL

CCGTTTGGATGGCAGGTCGCGGATGCGCGGAGCGAACCGGTAGCCGAGAATGGCACATGCGGCAAAGACGTGATCGGTGAAGCCGCCCGTGTCGGTGAAC
R K $ P L DRI URUPAFIRYG LI ACAATFVHDTT FGUGTDT F

TGCTCGCGGATATGGCGTCCAGCATCGTTCATCAGCAGGCCATCGAGGATGTAAGGCGCTTCGCTTGCCGTTGCAGGAATCACCTGGGTTGCGAACGGCG
Q E R I HR G A DN NMLULGUDIULTI Y P AESATA AZ®PTI VQTATF P

CATATTGGTCGGAGACGTGGCTATAGGCTTTCAGGCCCGGGGTATTGCCATATTTCGCGTTGACCAGGTTCATGGCCTCACCTTGCTCTGTAGCGACGAA
A Y Q DS VH S Y A KULGUZPTNGTYIKANVL NMAETGU QETAWVF

GAACTGTCCGTCGCTCGAAGCCGACGTGCCCATGCCCCAGAACCGGGCCATGGGTAACGCTGCCTGTGCCTCGACCACCATGGCCAGCGCCCGGTCATAG
F Q G D S s A S TGMG W F R AMUPLA AR AMQAEV V M AL AR DY

GCTTCGCCCTCGACATGCCACCGTCCAATGCGGATCAATTCCCAGAAGGTGTGGGTGTTTGTCCGATCCGCCATTTTGCGCAAGCCGAGGTTGATCCCTT
A E G E V HWR G I RI L EWFTUHTNTRDAMIEKIR RTULTGTILNTIG

CCGCCAAGATAACGTTCATTAGCCCGATCCGGTCAGCGCAGGGTGCTCCTGTGCGCAGATGGGTGAACGCTTCGGTGAAGCCGGTCGCCGCATCCACCTC
E AL I VN ML G I RDACUZPAGTU RIULUHTFAETTFGTAADVE

CAGCAGGAGATCGGTGATGCGCGTGGGCGGGATCTGCTTGTAGAGATCGAGCACCAGATCTTCGGCGCCTGTCGGCGCGGCGGCTTCGAGTTTCTCGATA
L L LDTTIURTO®PU®PTI QXK YLDULVLDEA AGTUPAAA ATEL KHL

TGCAGAACGCCGTTTTCAATCGACCCGCCCGGGATCGTGCCTGCGCGAGCGGCACGGCCAACGTCGCGCAACCGCATGTCGAGGCGAGCTTGCCGGTCTG
V G N E I S GG P I TG AR AARGUVDU RTULRMUDIULRARQRIDEI

CCAGCCATTCCTCCGGCCGCAATGGCACAGCGAGACGACCGCCTTCCGCGATGGATTGTGCCGGAACGAGTGCGTGTTTCAGATCGCCATAGCGCCGGGA
A L WEEWPRTLUPV ALIRGTGEA AISQA APV LAHEKTLDTGYRR S

CCTAGTAAGCCAGACATCTCCGGAGCGGAACGCATCGCGCAGATGGAACAGCACCGCGATCTCCCATAGGCGAGCGTCGCCAGCCCTCTGGGCCCGAAGG
R T L W VDG SR FADI RILUHTFIULVATIEUWTILIRADTGA AIRUOQATRIL

TGGCGATGCCATTTCGAGCTGGGCCGCAAGAAGCTGGTCATCGCGGCATCGTTCAAACCGGTACGAAGGGCCGTCACCGCTTCCAGAAGCGGCAGTGCAA
H R H W K S S P R L F S TMAATDNILGT RULATV A ETULLUPLA

CGGGCGCAGCTCGCAGATCGAGCAGGCGCAACATGCGTGGAGCGTATCGGCGGAAGCGGTGATAACCGTCGAGCACATGATTGAGCGGATCGTCGGCCAT
V P AARLDULUL RILMRPBRPAYRR RTFRUHYG DLV HNIULUPUDUDAWM

GGTGGCGGTCAGCCTGGTTGCCATTGCAACAAGGGTTTTTAAGCCGTCCCACCCTGACCCACTCGCGATGACATCGCCCAGCGGCTGGCCATCATCCTGT
T A TULRTAMAVLTIKULGUDWG S G s A1 VDGULUPIQGDDQ

GCATCGACCAGGGCGCCCCCGATCTCGGCGAAGGATTTCAGGGTGTCACGCACCACCCCCGCTTCGTCTGCGACCTTTGCATGGCAAATACGCTCCGAAG
A DV L A G G I EATF S XK LTD RV V G AETDA AV KA AHTECTIRE S

CACGGTAGAGACGGCCGACGATCCGGTCGTGGGTTTCGACCACTGCGTCGGCCAACATCGCCTGCCATTCCGAGACGCAAACAGCCAAGATCGCAAGCCG
A R Y L R GV I RDHTEV V ADALMAQWESV CV ALTIALR

CCTGTCCTCCGGGAGATCGCGCATGCCGTCGGCATAATACCGTTCACCCTGCCTGCGCAGACGAGTCACCCGATGGGCAGGAACGCCGGCAAGCAGATCC
R DEPLD RMGUDA AYYURESG QR RLIZ RTVRMHAPVGALTULTD

TCGGGGAGATCGATGCGTTGCAGATATTCGAGCCGGTCGAGCAGCCGGTTGGCCGACGAAGAGTTCGAGCCAGGCTCGAACTGGCGCAGCCACACAAAAC
E P L DTIROQULYEULRU DI LULR®RNASS S NS GPETFOQRILWVTF

GGGTCACCCGATCATCAGCCGTCTCCTCGAGCAATGCCAGCAACTGTTCTCGGATCGACATAGGCAGCCGACTGGCGATCCTCGTCTCGATGCGTCGCTC
R T VR DDA ATEEIULTULALILAGQEU RTISMZPIULRSATIURTETIRRE

GGCATCGACGAGAGCCGCGGCACAAAGCCGCTCGATCGTGGATGTCGCGGGAAGGACAGTGCGGGTGCGTCGGCACTCGGCTACGAAGCGACGGGCGATA
A DV L A AACLRETITS ST A APLVTRTIRIERTCEAVFRRAI

TCCTCGTTCGACACCGCCATCTCGGCTTCTCGGAACAACCATTCCTTCAGCTCGCTCGCACCACGTCCGGAGAAGGTGCGGAAGCCGTAGAGCCCCCGTA
D ENSVAMEAE RTFLWETZKTULESAGRSGS ST FTHRTFGY L GR

ACTCGGCAAGATGCTCGTGCCGTGTTTCCTCGCGGGCAGCATAGTCTACGAGATCGTCGGCACCCAGGCCAAGCTGCGCTCCGATAAATTCGATGACCTC
L E AL HEMHRTETEU R AAYTDV L DDA AGTULGTLU QA AGT1IFE I VE

TGCAGGGATCAGTTCGCCTGGAGCCAGCACCCGGCCGGGATAGCGCAGGACACACAATTGCAGGGCGAAGCCGAACCTGTTGTGAGCGCGCCGACGCAGC
A P 1 L EGP ALV RGUPYU RULVCLOQLATFGTFIRNUHARIRIRL

FIG. 2.
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CTGATATGCCCAAGGTCTTCATCACTCAGCGTATAGTGCTTGAGCAAATCCGTCTGTGAAGTCGGCAAGCGCAACAGCGCGTCTTTCTGCCGATCGGTTA 2900
R 1 H G L DEDSLTYHIKIULLDTZOQSTU®PIULIRIULIULADIKNOQURDT

-10 -35

GAGTGACGCGACGCGGCATACATGTTCCTTTTTCAAAATCTGATAGCGTTCAAGACGCTTTGTTTATGAAGCTGGTTGAGATACATTTCCAGAGGTCAAT 3000
L T V R R P M ---O0RFC
-35 -10

GCAATCGTGGCCGAAGCGCCGCCTCAAACCAACGTTTGTGATACATGCTGATCGGATATGCCCGCGTCTCCAAAGCCGATGGCTCGCAGTCTCTCGACCT 3100

GCAGCACGACGCCTTGCGCGCCGCAGGTGTCGAACGGGACAATATCTATGATGATCTTGCTTCCGGCGGTCGTGATGATCGCCCTGGCTTGACTGCCTGC 3200
ORFD---M R A A G V E R DUN 1 Y DDULASGGU RUDUDU RZPGLTASC

CTCAAGTCATTGCGTGACGGCGATGTGCTGGTGGTCTGGAAGCTCGATCGCCTCGGACGATCGCTTGCCCATCTGGTCAACACGGTGAAGGAGCTGTCAG 3300
L K s L RDGDUV LV VW IKULDU RULGHRSLAHTULVNTVKEIL S

ACCGCAAGATCGGCCTGCGGGTTCTGACTGGAAAGGGCGCTCAGATCGACACCACGACTGCGTCCGGTCGCATGGTGTTCGGAATCTTCGCCACCTTGGC 3400
R X I G L RV L TGIKGAQIDTTTASSGHRMVFG1I F ATIL A

CGAGTTCGAGCSGGATCTGATCCGAGAGCGCACCATGGCGGGTCTCGCCTCCGCGAGAGCGCGCGGTCGCAAGGGCGGACGAAAATTCGCGCTCACCAAA 3500
E F E R DULIREIZ RTMAGTULA ASA ARARGT RIEKTIGSGH R KT FALTK

GCTCAGGTGCGTCTCGCGCAAGCCGCCATGGCCCAGCGCGATACTTCAGTTTCCGATCTCTGCAAGGAACTCGGCATCGAGCGCGTCACTCTCTACCGAT 3600
A Q VR L AQ A A MAQRIDT SV S DULCIKETUZLGTIERUVTILYRY

ATGTCGGTCCCAAAGGCGAGCTCAGAGACCATGGAAAGCATGTTCTCGGACTTACGTAGTGGACTIGCCTCGCTTTCQTTCCCGTCTTTTTGAGAGCATT 3700
VG P K G E L RDH G KMHV L G L T *

ATTTGTTATCAAGGAGACCATATATGTCATTAAAGCATAGTGATGAATTTAAGCGTGATGCAGTTCGCATAGCACTCACTAGTGGCTTAACACGCCGTCA 3800

AGTTCCGTCAGATTTAAGT;TTGCGCTTT&CACGCTTGG&AAATGGATCéCATCAATTTéCGATGAAAC%AAAATTCCTACCCAAGACA&TCATCTTCT& 3900
CGTGAGAAT&AACGTTTAC&CAAAGAGAA&CGTATCCTT&GGGAGGAGAéGGAGATATTAAAAAAGGCAéCAATATTTT%CGCACTACAAAAGCTGTGA& 4000
ATTTCAGTT%ATTACGGAT%ACCGTGGCT&TCTCTCACG%TCACGCATA+GTCGTTTGA%GGGCCTAACACATCGTGGT%TACGTCCAT&CAAACCCCG% 4100
CCTCCATCAéTGCGCCAGCéTCGTGATCT%ATACTTCTA&CGCATATAC&TGAGCAGCA%CCGTTCTGT%TGGGGAGCTATGGTAGGCC&CGTATGACA& 4200
AAGAGTTGAAAGCGCTGGG&CTGCAGGTTéCGCAGCGTCéGGTTGGACC%TTGATGCGCéAGAATAACA%TACACTTGT%CGAACGCGTAAATTCAAAC& 4300
GACAACGGA%AGTCATCATACCTTCAACA%TGCACCGAA&CTATTAAAA&AAGACTTTA&CGCAAGCGCACCCAACCAGAAATGGGCAG&CGATATCAC% 4400
TATGTTTGGACCAGAGAAG&ATGGGTCTA%CTTGCTGTTATCCTTGACC%GTATTCCCG%CGCGTGATT&GCTGGGCAAéAGGTGATCGATTAAACCAG& 4500
ATCTTGCAT%AAGGGCACT&AATATGGCG%TGGCTTTAC&CAAACCACCACCGGGTTGTATTCAACACAéAGACCCTGG&AGCCAATAT%GCGCTCATGA 4600
ATATCAAAA&CTACTGCTC;AACATCAAT%GCTGCCGTC&ATGAGCGGG;AACGCAATT&TTTTGATAA&TCCGCAGTA&AAAGCTTCT%TAAATCATT; 4700

AAGGCTGAGTTGATTTGGCGCAGACACTGGCAAACAAGGCGAGATATTGAGATTGCAATCTTCGAATATATAAATGGCTTTTATAATCCACGCCGAAGAC 4800
-35 -10
ATTCAACACTCGGCTGGAAATCGCCGGTGGCATTTGAGAAAAAAGCCGCTTAAAATGAGAGATAGACCGS, CCOTCCAAG LAZCAACTC 4900

GTTTCTTTTCGCAGGTTGAGCCACCTCCGCGCTTCATCAGAAAACTGAAGGAACCTCCATTGAATCGAACTAATATTTTTTTTGGTGAATCGCATTCTGA 5000
ORFA---M N R T N I F F G E S H S D

CTGGTTGCCTGTCAGAGGCGGAGAATCTGGTGATTTTGTTTTTCGACGTGGTGACGGGCATGCCTTCGCGAAAATCGCACCTGCTTCCCGCCGCGGTGAG 5100
W L PV R GG E S G DF V F RRGDGHATFA AI K1 APAS RUR G E

(o
CTCGCTGGAGAGCGTGACCGCCTCATTTGGCTCAAAGGTCGAGGTGTGGCTTGCCCCGAGGTGATCAACTGGCAGGAGGAACAGGAGGGTGCATGCTTGG 5200
L AGERD U RILTI WULIKGH RGV ACUPEUVINUWOQETEU GQESGATCLV

TGATAACGGCAATTCCGGGAGTACCGGCGGCTGATCTGTCTGGAGCGGATTTGCTCAAAGCGTGGCCGTCAATGGGGCAGCAACTTGGCGCTGTTCACAG 5300
1 T A1 P GV P A A DL S G ADULULI KA AWUPS MG Q QL G AV H S

CCTATCGGTTGATCAATGTCCGTTTGAGCGCAGGCTGTCGCGAATGTTCGGACGCGCCGTTGATGTGGTGTCCCGCAATGCCGTCAATCCCGACTTCTTA 5400
L sV DQCU&PVFEIRUZ ERLSIRMYFGURAVDV VS RNAVNU®PUDTFL

CCGGACGAGGACAAGAGTACGCCGCAGCTCGATCTTTTGGCTCGTGTCGAACGAGAGCTACCGGTGCGGCTCGACCAAGAGCGCACCGATATGGTTGTTT 5500
P DE DK S TU®POQL DULULARVEWRETLUPVRULDUOGQEWRTDMVVC
L H

GCCATGGTGATCCCTGCATGCCGAACTTCATGGTGGACCCTAAAACTCTTCAATGCACGGGTCTGATCGACCTTGGGCGGCTCGGAACAGCAGATCGCTA 5600
H G D P CMPNVFMUVDUPIKTLOQCTSGULTIDULSGH RIULGTATDRY

TGCCGATTTGGCACTCATGATTGCTAACGCCGAAGAGAACTGGGCAGCGCCAGATGAAGCAGAGCGCGCCTTCGCTGTCCTATTCAATGTATTGGGGATC 5700
A DL AL M I ANAIETENWAAPUDTEAEZRAFA AV LFNWVLGI

GAAGCCCCCGACCGCGAACGCCTTGCCTTCTATCTGCGATTGGACCCTCTGACTTGGGGTTGATGTTCATGCCGCCTGTTTTTCCTGCTCATTGGCACGT 5800
E AP DURERULATFYLURULDUZPULTWG *
ORFB---M F M P P V F P A H W H V

FIG. 2—Continued.
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TTCGCAACCTGTTCTCATTGCGGACACCTTTTCCAGCCTCGTTTGGAAAGTTTCATTGCCAGACGGGACTCCTGCAATCGTCAAGGGATTGAAACCTATA
S Q PV L I A DTV F S S L V W K VS L PDGTUPATI VKGTULIK P I

GAAGACATTGCTGATGAACTGCGCGGGGCCGACTATCTGGTATGGCGCAATGGGAGGGGAGCAGTCCGGTTGCTCGGTCGTGAGAACAATCTGATGTTGC
E DI A DEULRGADTYULUV WU RNGH RGAVU RIULILSGR RENNTILMMLIL

TCGAATATGCCGGGGAGCGAATGCTCTCTCACATCGTTGCCGAGCACGGCGACTACCAGGCGACCGAAATTGCAGCGGAACTAATGGCGAAGCTGTATGC
E Y A G E R ML S HI V A EHGUD Y QATUETI AAETLMA AT KLY A

CGCATCTGAGGAACCCCTGCCTTCTGCCCTTCTCCCGATCCGGGATCGCTTTGCAGCTTTGTTTCAGCGGGCGCGCGATGATCAAARACGCAGGTTGTCAA
A S E E P L P S AL L PTITRUDURTFAALTFIOQRARUDTUDIUG QN AGTCQ

ACTGACTACGTCCACGCGGCGATTATAGCCGATCAAATGATGAGCAATGCCTCGGAACTGCGTGGGCTACATGGCGATCTGCATCATGAAAACATCATGT
T DY V HA A I I A DQMMSNASETULWRGTULUHSGUDTULMHUHTENTIMTF

TCTCCAGTCGCGGCTGGCTGGTGATAGATCCCGTCGGTCTGGTCGGTGAAGTGGGCTTTGGCGCCGCCAATATGTTCTACGATCCGGCTGACAGAGACGA
S S RGW LV IDUZPVGLVGEVGFGAANMTFYDUPADT RTDTD

CCTTTGTCTCGATCCTAGACGCATTGCACAGATGGCGGACGCATTCTCTCGTGCGCTGGACGTCGATCCGCGTCGCCTGCTCGACCAGGCGTACGCTTAT
L ¢cL D PRI RTIAQMADA ATF SRALDUVDU®PRI RILILDUOGQAYAY

GGGTGCCTTTCCGCAGCTTGGAACGCGGATGGAGAAGAGGAGCAACGCGATCTAGCTATCGCGGCCGCGATCAAGCAGGTGCGACAGACGTCATACTAGA
G C L S A AW NADGTETETEI QRUDTULA ATIAAAI K QV R QT s Y *

TATC MGCGACWNCTATCCCCWWWAM
AcCCC

737

5900

6000

6100

6200

6300

6400

6500

6600

6700
6705

FIG. 2. Complete nucleotide sequence of Tn5393, numbered from the IR on the tnpA end, is shown in 5’ to 3’ orientation. The positions

of ORFs corresponding to four predicted polypeptides (A, B, C, and D) are indicated with their encoded amino acid sequence. ORF C is
transcribed from the strand opposite to ORFs A, B, and D. The nucleotide sequence of insertion sequence I1S1133 is from nucleotides 3660
to 4891. The 3-bp direct repeats that border IS1133 (TAG) are double underlined, and the IRs of Tn5393 and IS1133 are underlined. The —10
and - 35 consensus sequences of three putative promoters are indicated above the sequence by a line and the number. Asterisks indicate stop
codons. The nucleotide and amino acid sequences of ORF A that differ from those of ORF I in RSF1010 are indicated above the nucleotide
and beneath the amino acid, respectively. Sequence 4928 to 6705 of Tn5393 is homologous to sequence 31 to 1808 of RSF1010 (32).

IRs and 3-bp duplicates separated tnpR and strA and was
designated insertion element IS1133. Its nucleotide sequence
shared 45% identity with insertion sequence 1S3 (39). 1S1133
provided a promoter (nucleotides 4851 to 4856) for transcrip-
tion of the resistance genes. When nucleotides were deleted
from pGEMTN-7, streptomycin resistance was lost when
deletions were made downstream, but not when deletions
were made upstream, of the promoter sequence (data not
shown).

The 81-bp IRs of Tn5393 were about twice the length of
IRs typically found in Tn3-type transposons. The sequences
of the two IRs (IR-53930 and IR-5393t) differed by 4 bp (Fig.
3A), and both IRs were flanked by 5-bp direct repeats. The
stop codon for ORF C was located in nucleotide positions 34
to 36 of IR-5393t. A stop codon was also found in the IRs of
transposons Tn3, Tn2/, and Tn250/, but not in the IRs of
transposon Tn9!/7 or Tn4430 (Fig. 3B). The sequence of
IR-5393t differed by 1 bp, and thc sequence of IR-53930
differed by 4 bp, from nucleotides 1728 to 1808 in plasmid
RSF1010 (32; Fig. 3A).

Identity of streptomycin resistance in P. syringae pv. papu-
lans and E. amylovora. The nucleotide sequence of the 2.5-kb
BamHI-Sall fragment from pCPP50S5, a DNA clone from P.
syringae pv. papulans Psp36 that confers resistance to
streptomycin in E. coli (27), was compared with the se-
quence of Tn5393. The first 241 nucleotides in the DNA
fragment from pCPP505 were identical to nucleotides 3419 to
3659 in tnpR of Tn5393, and nucleotides 242 to 2052 were
identical to the sequence for the str4 and strB genes of
Tn5393. The nucleotide sequence of IS1133 and a direct
repcat (TGA) in Tn5393 were absent in the fragment from
pCPP505. Fragment SMP3 from P. syringae pv. papulans
(27), which has been used as a probe for the detection of
streptomycin resistance genes in many gram-negative bacte-
ria (27, 36), consists of sequences from the tnpR and strA
gencs of Tn5393 (Fig. 1B).

Tn5393 in other gram-negative bacteria. In colony hybrid-
izations, probe SAC32 hybridized with DNA from 140 of 147
epiphytic gram-negative bacteria from the study of Sobi-
czewski et al. (36). In Southern hybridizations, the probe
hybridized with a 3.2-kb Sacl restriction fragment from P.
syringae pv. papulans Psp36, E. amylovora CAll, and eight
strains of epiphytic bacteria, which reacted positively to
SAC32 in colony hybridizations. However, the fragment was

20 30 0 50

IR-53%30 T GCGGGAGASG GCGAAATCCT ACGCTAAGSC TTTSSCCAAC
IR-5393¢t GCGGGAGGSS GCUGAATCCT ACCITAAGGL TTTCLCTAGC
RSF1010 GCGGGAAGSG GUGGAATCCT ACGUTAAGGT TTTUGCCAGC
IR-52930
IR-5393¢
RSF1010
B.
IR-5393t -
1R-3t 2
IR-21t 22
IR-917¢t (19
IR-2501t TGGAARACGS AC TGTTITTT (22
IR-4430t CAGCATTTCG (19

FIG. 3. Comparison of IR sequences. (A) The 81-bp IRs of

Tn$5393 (IR-5393t and IR-53930, where t is the trpA end and o is the
other end) and the sequence of plasmid RSF1010. Boldface type
shows positions where residues were different. (B) IRs in represen-
tative transposons from the Tn3 family (Tn5393, Tn3, Tn21, Tn917,
Tn2501, and Tn4430) arc all listed from the tmpA end. The stop
codons for the transposases in Tn$5393, Tn3, Tn2/, and Tn2507 are
underlined. The number in parentheses is the number of identical
base pairs between each IR and IR-5393t. Sequences are from
Scholz et al. (32) for RSF1010, Heffron et al. (12) for Tn3, Zheng et
al. (45) for Tn2/, An and Clewell (1) for Tn9/7, Michiels and
Cornelis (22) for Tn2501, and Mabhillon and Lereclus (20) for Tn4430.
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710, 4. Auordiogagh of & Southers blot of plasmid DNAL
(except lane 3) g bacteria
dl‘:!lad with Sacl and hybridized to prob: SAC!Z Lane 1, P.
syringae pv. papulans Psp36; lane 2, E. amylovora CALL; lane 3, E.
amylovora. ELOL; lane 4, Acinctodacrer 8p. strain 1; iane 5, E.
herbicola 6a; lane 6, E h”blrnlaM lane 7, a yellow Pseudomonas
strain, 40; lane 8, P. syringae 45; lane 9, Pseudomonas
uorescens biovar Ti, 7, ans 10, Poeudomonas e a 60;
lane 1, P. pusida $1; lane 12 Aeromonas s. strain 145; ane 13,
herbicola The size of the 3.2-kb hybridizing fragment is
oicat st th fo e

not detected in streptomycin-sensitive E. amylovora ELO1
and streptomycin-resistant Pseudomonas putida 61 or Aer-
omonas sp. strain 145 (Fig. 4).

Plasmid pEa34 in other gram-negative bacteria. In colony
hybridizations, a 25.6-kb Smal fragment from pEa34 hybrid-
ized with DNAs from five strains of E. herbicola and from
streptomycin-sensitive E. amylovora ELO1 but not with
DNAs from 142 additional epiphytic gram-negative bacterial
strains. When plasmid DNA was separated by agarose gel
electrophoresis, the five strains of E. herbicola cach con-
tained a 34-kb plasmid, whereas E. amylovora ELO] con-
tained a 28-kb plasmid. Among the five strains of E. herbi-
cola, only three strains showed Aval restriction patterns
identical to that of plasmid pEa34 in Southern blots when
hybridized with radiolabeled pEa34 DNA (Fig. 5), indicating
that the transposon inserted on different sites of the proto-
type plasmid. In conjugation studics, a 34-kb plasmid was
transferred from E. herbicola 144 10 E. coli JM109, IM-
GEM3, and JMUCDS00 and to E. amylovora BC06 in high
frequency (data not shown).

DISCUSSION

We suggested in a previous paper that the plasmid pEa34
may have arisen from the insertion of a transposable element
into an existing plasmid or that E. amylovora have
acquired a new plasmid (3). Except for streptomycin-resis-
tant E. amylovora from Michigan, a 34-kb plasmid resem-
bling pEa34 has not been reporied among strains of E.

mylovora examined for cryptic plasmids (7, 15, 37). Plas-
mid pEas likcly originated om the imsertion of T5393 into
a 28-kb plasmid; we detected a 28-kb plasmid with DNA
to pEad in itive strain ELOL

of E. amylovora. Hybridization studics indicated that the
28-kb plasmid and plasmid pEa34 were not related to the
29-kb universal plasmid found in pathogenic strains of E.
amylovora (7, 18). Whether sensitive strains of E. herbicola
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2 34 56 7

FIG. 5. Hybridization of a 25.6-kb Smal fragment from plasmid
PEa34 with Aval-digested total plasmid DNASs from streptomycir-
resistant strains of E. herbicola. Lanes 1 1o 6 contain DNAS from
strains 52, 50, 144, 35, 18, and 6a, respectively. Lane 7 contains
plasmid pEa34 from E. amylovora CALL Strain 6a was a negative
control. The three Aval fragments indicated (by size in kilobases) at
the far left are internal fragments of Tn5393. A 127-bp fragment is
not see

harbor a 28-kb plasmid homologous to the plasmid found in
strain ELO1 needs to be determine

We classify Tns393 as a class II, Tn-like transposon
because it makes a 5-bp target duplication, and its fnpA and
mpR are transcribed in opposite directions (17). A large
number of antibiotic resistance transposons isolated from
gram-negative bacteria associated with humans and animals
are Tn3-like elements carried often by conjugative plasmids.
In this study, we extend the host range of Tni-like trans-
posons to gram-negative bacteria associated with plants. The
detection of streptomycin resistance in many gram-ncgative
bacteria associated with plants may be explained by the
transposition of Tn5393 to another plasmid followe
conjugational transfer of the plasmid within a bacterial
specics and later between ecologically associated species.

Tn3 transposons have been divided into five subgroups
(9). The near-perfect 81-bp IR at the ends of Tn5393 were
much longer than the 38- to 45-bp IRs common to other
s in this family (9), and amino acid sequence

other Tn3-like transposons was low (29 to 40%). Therefore,
our results suggest that Tns393 should belong to a new
subgroup in the Tn3 family.

The nucleotide sequences associated with streptomycin
resistance in E. amylovora CA11 and P. syringae pv. papu-
lans Psp36 were identical to the strA and strB genes for
streptomycin resistance in the enterobacterial plasmid
RSFI1010 (32). Streptomycin resistance in P. syringae pv.
syringae is also related on the basis of sequence analysis to
the streptomycin genes in RSF1010 (38). Our sequence data
confirmed that probe SMP3 is part of the streptomycin
resistance gene from P. syringae pv. papulans (Fig. 1B).
Previously, DNA homologous with probe SMP3 was de-
tected in many streplomycin-resistant gram-negative bacte-
ria from plants (27, 36), and DNA similar to or homologous
with the strA and strB genes of RSF1010 was detected in
many streptomycin-resistant gram-negative bacteria of ani-
mal, including human, origin (19, 30, 43). The finding that
bacteria from plants have the streptomycin resistance genes
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found in bacteria from human and veterinary clinics extends
the importance of this resistance determinant. Furthermore,
RSF1010 contains an 81-bp sequence downstream of strA
and strB that is homologous to the IRs of Tn5393, suggesting
that the streptomycin resistance genes on RSF1010 and
Tn5393 are derived from a common ancestor. The transpo-
sition of Tn$5393 to various mobilizable plasmids could have
played an important role in the widespread distribution of
the streptomycin resistance genes among gram-negative
bacteria.

Restriction fragment length polymorphism was observed
in Aval digests of plasmid DNAs from various epiphytic
gram-negative bacteria isolated from apple orchards in New
York and Michigan (27, 36). In most orchard bacteria, probe
SMP3 hybridized with a single Aval fragment of either 2.7 or
1.5 kb (27, 36). We noted that the difference of about 1.2 kb
corresponded to the size of insertion sequence IS1133 and
subsequently confirmed by restriction analysis that 1S1133
was present in the 2.7-kb fragments but not in the 1.5-kb
fragments (data not presented). The detection of two forms
of transposon Tn5393 indicates that the resistance in E.
amylovora and some strains of E. herbicola probably
evolved independently, or at least that its evolution has
diverged, from that in P. syringae pv. papulans and most
other fluorescent pseudomonads. For bacteria in which
probe SMP3 hybridized with a single Aval fragment smaller
than 1.5 kb, DNAs from such bacteria often contained the
strA and strB genes but not the whole transposon (data not
shown). Evolution of streptomycin resistance in these bac-
teria probably resembles that for plasmid RSF1010.

We detected insertion sequence IS1133 in transposon
Tn5393 from streptomycin-resistant E. amylovora CAll.
Although transposon Tn5393 was common in streptomycin-
resistant bacteria isolated from apple orchards, it did not
generally harbor IS1133. However, a few strains of strepto-
mycin-resistant E. herbicola harbored not only Tn5393 and
IS1133 but also a plasmid that hybridized with pEa34 from E.
amylovora CAll. The presence of Tn5393 and IS1133 in-
serted in a plasmid common to two species of bacteria
indicates a possible epidemiological association between E.
amylovora and E. herbicola.
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PART III

IDENTIFICATION OF TWO AMINOGLYCOSIDE PHOSPHOTRANSFERASES,

APH(3")-Ib AND APH(6)-Id, ENCODED BY THE aph(3")-Ib (strA)
AND aph(6)-Id (strB) GENES FROM STREPTOMYCIN-RESISTANT

Erwinia amylovora



ABSTRACT

The plasmid-borne strA and strB genes from Erwinia
amylovora strain CAll were characterized by genetic and
biochemical analyses. In deletion experiments, deletions in
strB resulted in a reduction in the minimum inhibitory
concentration (MIC) from 500 to 100 ug streptomycin ml1~1l and
in strA from 500 to 25 ug streptomycin ml~l or less. When
strA and strB were cloned separately on a lacIQ/Ptac-based
expression vector in Escherichia coli, the protein encoded
by strA, but not the one encoded by strB, was overexpressed.
Sequence analysis of the overlapping genes indicated that
the distal strB gene lacked a Shine-Dalgarno sequence and
that the initiation codon was in the double-stranded region
of the stable stem-loop structure. Conversely, the Shine-
Dalgarno sequence and the initiation codon in strA were
exposed in the single-stranded loop of a stable stem-loop
structure. The strB gene was overexpressed and resistance
restored to a MIC of 100 ug streptomycin ml1~1l by introducing
a Shine-Dalgarno sequence and by altering the mRNA secondary
structure. 13C-NMR analysis of the respective
phosphorylated streptomycin products indicated that straA-
strB encoded aminoglycoside-3"-phosphotransferase [APH(3")-

Ib] and aminoglycoside-6-phosphotransferase [APH(6)-Id],
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respectively. These data suggest that the high level of
resistance to streptomycin exhibited by bacteria with straA-
strB genes is due to the coexistence in the cells of
APH(3")-Ib and APH(6)-Id enzymes and that the differential
expression of these enzymes is regulated by the mRNA

secondary structure.



INTRODUCTION

The DNA associated with streptomycin resistance in strain
CAll of Erwinia amylovora is carried on transposon Tn5393
which is inserted on a 34-kb conjugative plasmid pEa34 (3,
4). The region of pEa34 affecting resistance consists of
two open reading frames that have sequence identity with the
strA and strB genes of plasmid RSF1010 (4, 10, 19).
Hybridization studies indicate that these genes are also
present in many gram-negative streptomycin-resistant
bacteria isolated in Michigan and New York from the apple
orchard environment (2, 16, 21).

Streptomycin is a member of the aminoglycoside-
aminocyclitol class of antibiotics. Aminoglycosides can be
inactivated by phosphorylation, adenylylation, or
acetylation. The enzymes reported to modify streptomycin
include aminoglycoside-3"-phosphotransferase, APH(3")-I;
aminoglycoside-6-phosphotransferase, APH(6)-I;
aminoglycoside-3"-nucleotidyltransferase, ANT(3")-I; and
aminoglycoside-6-nucleotidyltransferase, ANT(6)-I (5, 20).
Based on sequence comparison analysis, Shaw et al. (20)
proposed that the strA-strB genes in RSF1010 encode APH(3")-
Ib and APH(6)-Id, respectively. The identity of the enzymes

encoded by strA-strB remains to be confirmed by biochemical

44



45

analysis.

In this research, we analyzed the strA-strB genes from E.
amylovora plasmid pEa34 by deletion analysis and
investigated the role of the stem-loop structure around the
ribosome-binding site on the translational regulation of
strB. Finally, the enzymes encoded by strA and strB were

identified.



MATERIALS AND METHODS

Bacterial strains, plasmids, and primers. The bacterial
strains, plasmids, and primers used in this study are
described in Table 1. E. coli JM109 (25) was routinely used
as the host for plasmids and gene expression. Strains of E.
coli were grown at 37°C on Luria-Bertani (LB) agar or in LB
broth (13). Plasmid pMMB66HE (7) was kindly supplied by M.
Bagdasarian, Michigan State University, East Lansing. The
primers were synthesized with an automatic 380B DNA
Synthesizer (Applied Biosystems, Foster City, CA) at the
Macromolecular Facility Laboratory, Michigan State
University.

DNA manipulations and construction of expression vector
PTWNHE. Plasmid preparations, DNA restriction digests,
agarose gel electrophoresis, isolation of DNA fragments,
ligations, and fill-in reactions were done using standard
methods (13). A 4,018-bp multiple copy expression vector
PTWNHE was constructed by ligation of a 1,550-bp ScaI-Pvull
fragment from pGEM3Zf (+) (25) and a 2,468-bp Eco47I1I-Scal
fragment from pMMB66HE (7). The hybrid plasmid consisted of
the replication origin of pGEM3Zf(+), a f-lactamase gene
(bla), lacI®, lac operator site, tac promoter, a polylinker,

and two transcriptional terminators of the E. coli rrnB
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TABLE 1. Bacterial strains, plasmids and primers

Source or

Designation Relevant characteristic(s) reference(s)

Bacterial strains

Escherichia coli

JM109 endAl recAl gyrA96 thi hsdR17(rg~ mg* ) relAl Promega Corp.
supE44 A~ A(lac-proAB) [F' traD36 proAB lacIi9 25
ZAM15]
SMAB39 JM109 (pTWNHE::strA-B39) This study
SMBC15 JM109 (pTWNHE::strB-Cl5) This study
SMBE1 JM109 (pTWNHE::strB-AJ24) This study
SMB1 JM109 (pTWNHE::sStrB-AJ25) This study
SMB10 JM109 (pTWNHE::strB-AJ26) This study
SMB1ON JM109 (pTWNHE: :strB-AJ26N) This study
SMBA9 JM109 (pTWNHE::StrB-AJ27) This study
SMBD3 JM109 (pTWNHE::strB-AJ28) This study
SMBCS JM109 (pTWNHE::strB-AJ34) This study
Plasmids?
pEa34 Sm¥, strA-strB, Tn5393, conjugative 4
PTWNHE ApF, a multiple copy expression vector
derived from pMMB66HE and pGEM3Zf (+) This study
PGEM3zf£ (+) ApF, multiple copy plasmid vector Promega Corp.
PMMB66HE ApY, a broad-host-range expression vector
derived from RSF1010 7

PSTRXP A 2.8-kb XbalI-Pstl fragment with strA-strB
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Table 1 (cont'd)
from pEa34 cloned on pGEM3Zf (+) This study

pPC2, pF16 Deletion derivatives of pSTRXP containing

both intact strA and strB This study
pE21 Derivative of pSTRXP strA disrupted by
removing a 272-bp Nrul fragment This study

pPC8, pCl5 Deletion derivatives of pSTRXP with intact
strB, disrupted stra This study

pBS, pB39 Deletion derivatives of pSTRXP with intact

strA, disrupted strB This study
PAl7 Deletion derivative of pSTRXP with disrupted

strA and disrupted strB This study

PrimersP

AJ23 d (GGAGAATTCGCTTGATATCTAGTA) This study
AJ24 d(CTCTAAGGAAGGGTTGATGTTCATG) This study
AJ25 d (TAAGGAGTTAACGTTATGTTCATGCCGCCTG) This study
AJ26 d (TAAGGAGGTTAACGTTATGTTCATGCCGCCTG) This study
AJ27 d (TAAGGAGTTAACGTTATGCCGCCTGTTTTTC) This study
AJ28 d (TAAGGAGGTTAACGTTATGCCGCCTGTTTTTC) This study
AJ30 d(ATGTGTGGAATTGTGAGCGG) This study
AJ34 d (TAAGGAGGTAGGGTTGATGTTCATGCC) This study

4 smF = streptomycin resistance; Ap* = ampicillin resistance.
P Nucleotides in each sequence that could pair with the 3' end of E.
coli 16S rRNA (AUUCCUCCACU... 5') are shown in larger size print.

Nucleotides not present in the original strB template are underlined.
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operon from pMMB66HE.

Enzyme assays. APH enzyme activity was detected using a
phosphocellulose paper binding assay (5). All bacteria were
grown in LB broth at 37°C in a shaking incubator until the
optical density at 600 nm was 0.6. Isopropyl-fB-D-
thiogalactopyranoside (IPTG) was then added (final
concentration 0.5 mM) to the culture and shaking was
continued for 4 h. Crude enzyme extracts were prepared by
sonication (Vibra CellTM, Sonics & Materials Inc., Danbury,
CT). Incubation of streptomycin and [y-P32]ATP with the
sonicated enzyme extract, washing of the phosphocellulose
paper, and radioactivity counting were performed as
described (5). The nomenclature proposed by Shaw et al (20)
for the aminoglycoside resistance genes and the enzymes they
encode is used in this paper.

Determination of minimum inhibitory concentration (MIC).
MICs were determined by the agar dilution method (1). Four
single colonies from each clone were transferred to LB broth
and incubated overnight at 37°C with shaking. A 3 ul
aliquot of each of the bacterial suspensions (107 cfu/ml;
100X dilution of the overnight culture) was spotted onto two
sets of LB agar plates containing 0, 10, 25, 50, 100, 200,
or 500 pug streptomycin ml~l, oOne set of plates was amended
with 0.1 mM IPTG. Bacterial strains without confluent
growth in the spots after 16 h incubation at 37°C were
considered sensitive to the respective level of

streptomycin.
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Deletion analysis in the strA and strB region. A 2.8-kb
XbaI-PstI fragment from pEa34, with the strA-strB genes and
a promoter derived from IS1133, was cloned into the XbaI-
PstI site of pGEM3Zf(+), downstream from a lac promoter, to
produce plasmid pSTRXP. Deletions in the strA and strB
region were performed with the Erase-a-Base System (Promega
Corp., Madison, WI). The deletion derivatives were
transformed into competent E. coli JM109 cells (15). The
extent of each deletion was verified by DNA sequencing.
MICs and in vitro APH enzyme activity for each clone were
determined as described above. In the complementation
assay, deletion derivative pB39 was transformed into E. coli
JM109 harboring pCl5 or pE21. Transformants were selected
on LB agar amended with 100 pg streptomycin ml~l, Four
transformed clones from the two complementation assays were
selected and their MICs determined as described above.
Modification of strB and cloning into pTWNHE. A series of
primers were used to modify and amplify strB by the
polymerase chain reaction (PCR; Table 1). The forwarded
primers AJ24 to AJ28, and primer AJ34 contained a potential
Shine-Dalgarno sequence with 6 to 9 nucleotides
complementary to the 3'-flanking sequence of the 16S rRNA.
The reverse primer AJ23 contained an EcoRI site to
facilitate cloning of the amplified DNA. The PCR was run
through 30 cycles at 90°C for 1 min, 50°C for 1 min, and 72°
C for 1 min. The reaction mixture (100 pl) consisted of 200

pmol each of two primers (AJ23 and one of AJ24, AJ25, AJ26,
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AJ27, AJ28, and AJ34), 0.01 ng of plasmid pCl5 as template,
10 ul of 10X Taq reaction buffer (200 mM Tris.HCl1l, pH 8.4,
500 mM KCl), 2.5 mM MgCl,, 200 uM of each of four dNTPs, and
2.5 units Taq DNA polymerase. The reactions produced 0.84-
kb strB variants strB-AJ24, strB-AJ25, strB-AJ26, strB-AJ27,
strB-AJ28, and strB-AJ34. They were separated from the
reaction mixtures with a DNA purification system kit (Magic
PCR Preps, Promega Corp., Madison, WI), digested with EcoRI,
and then cloned into the HindIII-EcoRI site of pTWNHE, 46-bp
downstream from the tac promoter. Modifications in each
strB variant were examined by DNA sequencing with primer
AJ30, which complemented the sequence 28-bp upstream from
the HindIII site of pTWNHE. Variant strB-AJ26N was made by
filling-in the NotI site of strB-AJ26. It encoded a
polypeptide with 14 additional amino acids than the
authentic strB protein due to a frameshift at codon 268.
Variants strA-B39 and strB-C15 were HindIII-EcoRI fragments
from pB39 and pCl5 with wild-type strA and strB coding
sequences, respectively. They were cloned into the HindIII-
EcoRI site of pTWNHE for expression analysis.

Expression and analysis of strA and strB gene products.

Each clone was grown in LB broth at 37°C with shaking until
the optical density at 600 nm was 0.6 and then IPTG was
added (final concentration 0.5 mM). No IPTG was added to
the controls. The bacteria were incubated for an additional
4 h and harvested by centrifugation. The cell pellets were

resuspended in 1/5 volumes of sample buffer (62.5 mM
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Tris.HC1l pH 6.8, 2% sodium dodecyl sulfate [SDS], 10%
glycerol, 5% f-mercaptoethanol, and 0.002% bromophenol
blue), heated for 10 min at 90°C, and the proteins separated
by electrophoresis on 13.5% SDS-polyacrylamide gels (12).
N-terminal amino acid sequence determination. The protein
encoded by strA from strain SMAB39 and those encoded by the
strB variants from strains SMB10 and SMBD3 were separated on
a 1.5-mm thick 13.5% SDS-polyacrylamide gel. Proteins were
then electroblotted onto a polyvinylidene difluoride
membrane (14). The proteins were excised and their N-
terminal amino acid sequences determined using the automatic
Edman degradation method and a 477A Protein Sequencer
(Applied Biosystems, Foster City, CA) at the Macromolecular
Facility Laboratory, Michigan State University.

Preparation and 13Cc-NMR analysis of the phosphorylated
streptomycin. E. coli SMAB39 and SMB10 were grown in 500 ml
of LB broth with IPTG until the optical density at 600 nm
was 1.0. Crude enzyme extracts were prepared by
ultrasonication (5). To prepare phosphorylated
streptomycin, 50 ml of each crude enzyme extract was added
to an end volume of 150 ml of a mixture of 10 mM
streptomycin sulfate, 16.6 mM ATP, 60 mM Tris.HCl, 4 mM
MgSO4, 10 mM S-mercaptoethanol, and 0.25 mM phenyl-methyl-
sulfonyl-fluoride (PMSF), pH 8. After the reaction mixture
was incubated for 48 h at 30°C, protein was removed by
ultra-filtration (Diaflo YM3, Amicon Corp., Beverly, MD) and

the streptomycin phosphate purified over a 2.5 x 30 cm
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Amberlite CG50 column eluted with a 2N KC1l gradient.
Fractions containing streptomycin phosphate were detected
using the maltol assay (18) and then pooled. The excess KCl
salt was precipitated with 3.5 volumes of acetone at pH 2
(24). After removal of the precipitated KCl salt, the
filtrate was titrated with 1N KOH until a streptomycin
phosphate precipitate formed. The precipitate was
collected, dissolved in 10 ml Hy0, adjusted with 1N HC1l to
pH 6, and lyophilized. 13c-NMR studies of the respective
streptomycin phosphate (The Max T. Rogers NMR Facility, VXR
500 spectrometer; Michigan State University) were conducted
in D0 with dioxane as the external standard.

S8econdary structures. The stem-loop structures and free
energy for strA and strB were determined using the computer
program Hairpin Loop Search, DNASIS Version 3.0 (Hitachi

Software Engineering Co. LTD).



RESULTS

Deletion and complementation analysis of strA and strB.
Plasmids pSTRXP and pC2 contained strA-strB and a promoter
from IS1133, while plasmid pF16 contained strA-strB but no
IS1133 promoter (Fig. 1A). Cells of E. coli JM109
transformed with pSTRXP and pC2 were as resistant to
streptomycin under both inducing and noninducing conditions
as cells transformed with E. amylovora plasmid pEa34. Cells
with pFl16 were less resistant (MIC = 100 ug streptomycin ml~
1) under noninducing than under inducing (MIC >500 ug
streptomycin ml1~1l) conditions. Under inducing conditions,
APH enzyme activity was high in extracts from cells with
pSTRXP, pC2, and pF16, but low in extracts from cells with
the low-copy-number plasmid pEa34. Cells transformed with
pC8 and pCl5, plasmids with deletions from the 5' end of the
strA region, exhibited a dramatic loss of resistance and APH
enzyme activity. Cells transformed with pE21, which had a
272-bp Nrul fragment deleted from strA, and cells
transformed with pAl7, a plasmid containing deletions in
both strA and strB, were as susceptible to streptomycin as
cells transformed with pGEM3Zf (+). Phosphorylation activity
in extracts from these cells was low. Cells with pB5 and

pB39, plasmids with strA and the IS1133 promoter but
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Fig. 1. A. Resistance to streptomycin and aminoglycoside
phosphotransferase (APH) activity in extracts from cells of
Escherichia coli JM109 transformed with various deletions in
the strA and strB genes from Erwinia amylovora strain CAll.
Deletion derivatives were cloned in vector pGEM3Zf(+) with
the genes oriented downstream from a lac promoter. Bacteria
were grown in the presence and absence of isopropyl-g-D-
thiogalactopyranoside (IPTG). Bold lines with arrows
represent the coding regions of strA and strB and the
transcriptional direction for each gene. Numbers above the
lines are nucleotide sequence numbers for Tn5393 (4) and "P"
indicates a promoter from IS1133. B. Complementation of

deletions in strA and strB.
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_ MIC APH

A.  Deletion study (ng streptomycin  (relative
. activity)
PI id mi
asm 0.5 mM IPTG
4827 4960 5763 5763 6599 + - +
StrA strB
pSTRXP ——XE/—-—&;—)L— >500 >500 52.3%3.0
4583
pCc2 e > >500 >500 70.0%1.0
4923
pF16 ' 3> >500 100 70.1%2.1
p 5068 5338
pE21 -— > <10 <10 24+04
4997
pcs B —— > 25 <10 40%03
5432
pc15 > m— 25 <10 38113
pA17 <10 <10 11102
6563
pBS P > d 100 100 80.5%0.5
5990

pB39 P S S— 100 100 80.0+3.2
pEa34 ——p———)——-—>— >500 >500 4.4%0.1
pGEM3Zf(+) <10 <10 1.0+0.1
B. Complementation study
pB39 + pC15 500 500 ND
pB39 + pE21 500 500 ND
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nucleotide deletions in strB, were 5-fold less resistant
than cells containing pSTRXP or pC2 under both inducing and
noninducing conditions. But, extracts from these cells
exhibited a high level of APH enzyme activity. When cells
were transformed with two plasmids, one with functional strB
(PE21 or pCl1l5) and the other with functional strA (pB39),
resistance was restored to MIC = 500 ug streptomycin ml-1
(Fig. 1B).

Effects of S8hine-Dalgarno sequence and mRNA secondary
structure on the expression of strB. When induced with
IPTG, strain SMAB39 (pTWNHE: :strA-B39) produced the expected
27-kDa encoded polypeptide in abundance (13% of the total
cellular protein), but strain SMBC15(pTWNHE::strB-C15) did
not produce the expected 28-kDa encoded polypeptide in
abundance (Fig. 2, lanes strA-B39 and strB-C15). Analysis
of the primary sequences for strA and strB revealed that
strA contained a Shine-Dalgarno consensus sequence of AAGGA
in the ribosome-binding site while strB lacked a Shine-
Dalgarno consensus sequence (Fig. 3). Introducing TAAGGA
into strB 7-bp upstream from the initiation codon did not
increase the amount of the 28-kDa protein produced by strain
SMBE1 nor affect its resistance to streptomycin (Fig. 2,
lane strB-AJ24). When the computer-predicted mRNA secondary
structures for strA and strB were assessed, stable stem-loop
structures surrounded the ribosome-binding site (Fig. 3,
strA-B39 and strB-C15). The Shine-Dalgarno sequence and the

initiation codon for strA were located in the single-
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Fig. 2. A. SDS-PAGE analysis of proteins from strains of
Escherichia coli transformed with expression vector pTWNHE
with strA, strB, or modified strB variants. Proteins were
separated on a 13.5% SDS-polyacrylamide gels and stained
with Coomassie blue. Bands labeled 27, 28, and 30 kDa are
protein products from strA, strB, and strB-AJ26N,
respectively. B. The percentage of the expressed proteins
from strA and strB variants to the total cellular protein
for strains grown in LB medium with (+) or withouﬁ (=) IPTG.
Data were obtained by scanning four individual lanes for
each strain on SDS gels using AMBIS Core Software Version
4.0 (AMBIS, Inc. San Diego, California). C. Resistance of
each strain to streptomycin on LB agar with (+) and without

(=) IPTG.
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Fig. 3. Predicted mRNA secondary structures surrounding the
ribosome-binding site for strA, strB, and six strB variants.
The stem-loop structures and free energy (AG; in kcal mol~™
1) were determined with the computer program Hairpin Loop
Search, DNASIS version 3.00 (Hitachi Software Engineering
Co. LTD). Nucleotides in ribosome-binding sites that can
pair with the 3' end of E. coli 16S rRNA (AUUCCUCCACU...5')
are indicated as larger characters and those that cannot
pair with strB sequence are underlined. Initiation codons
are enclosed by a box and the stop codon from strA is marked
with asterisks. The secondary structures for strB-AJ24 and
strB-AJ34 were unaltered, the structures for strB-AJ2S5,
strB-AJ26, strB-AJ27, and strB-AJ28 were altered by
replacing nucleotides between the Shine-Dalgarno sequence
and the initiation codon. Six nucleotides (the first two
codons of strB) on strB-AJ27 and strB-AJ28 were omitted.

The strain of Escherichia coli transformed with each gene is

shown in parenthesis under the gene designation.
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stranded region but the initiation codon for strB was
located in the double-stranded region of the stem-loop
structure.

To assess the effect of the strength of the Shine-Dalgarno
sequence on the expression of strB, the sequences TAAGGAG
(primers AJ25 and AJ27) and TAAGGAGGT (primers AJ26, AJ28,
and AJ34) were introduced into the sequence 7- and 8-bp
upstream from the initiation codon. To study the effect of
the stem-loop structure on expression of strB, the structure
was altered by nucleotide replacement. Each of the stem-
loop structures of strB-AJ25, strB-AJ26, strB-AJ27, and
strB-AJ28 had a free energy less negative (AG = =5.74 kcal
mol~1l, Fig. 3) than that for strB-AJ34 (AG = -15.94 kcal
mol~1l). The initiation codons for strB-AJ25 and strB-AJ26
were free from the stem-loop, those for strB-AJ27 and strB-
AJ28 were located, due to the removal of two codons ATGTTC,
in the double-stranded region of the stem-loop structure.

When induced with IPTG, strains SMB1, SMB10, SMBD3, and
SMBC5 were resistant to 100 ug streptomycin ml1~1l and
produced the 28-kDa polypeptide at levels of 12, 16, 4, and
4% of total cellular protein, respectively (Fig. 2, lanes
strB-AJ25, strB-AJ26, strB-AJ27, and strB-AJ28). Strains
SMB10, SMBD3, and SMBC5 with Shine-Dalgarno sequence
TAAGGAGGT produced more strB protein than strains SMB1 and
SMBA9 with Shine-Dalgarno sequence TAAGGAG. Strain SMB1
(initiation codon free from the stem) produced more gene

product than strains SMBC5 and SMBD3 (initiation
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codon located in the stem) even though strains SMBC5 and
SMBD3 contained a longer Shine-Dalgarno sequence.
Overproduction of strB protein in strains SMB1, SMB10O,
SMBD3, and SMBC5 was accompanied with an increase in the
level of resistance, but MICs did not increase above 100 ug
streptomycin ml~1l even though the encoded polypeptide
increased from 4 to 16% of the total protein. Strain SMB1ON
produced a 30-kDa protein (with a modification in the C-
terminal of strB protein) consisting of 16% of the total
protein, but was sensitive to streptomycin (Fig. 2. lane
strB-AJ26N) .

Confirmation of strA and strB proteins. The first 12 N-
terminal amino acids of the protein from E. coli SMAB39 were
consistent with the amino acid sequence predicted from the
nucleotide sequence for strA (4, 19). The first 11 N-
terminal amino acids of the proteins from E. coli SMB10 and
SMBD3 were M-F-M-P-P-V-F-P-A-H-W-H and M-P-P-V-F-P-A-H-W-H-
V-S. These sequences were identical to the amino acid
sequences predicted from the nucleotide sequences for strB-
AJ26 and strB-AJ28, respectively.

Identification of the phosphorylated streptomycin products.
The 13C-NMR spectrum for the 21 carbons on the streptomycin
phosphate produced by incubating streptomycin with straA
encoded protein was consistent with the spectrum for
streptomycin-3"-phosphate (8, 11). The difference in
chemical shift for carbon position C3" of streptomycin and

of phosphorylated streptomycin was 2.8 ppm and the signals
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at carbons C2", C3", and C4" were split by coupling with the
phosphorous group (coupling constants were 2.6 Hz at C2",
5.3 Hz at C3", and 3.1 Hz at C4"). Therefore, the enzyme
encoded by strA was APH(3")-Ib. The 13c-NMR spectrum for
the streptomycin phosphate produced when streptomycin was
reacted with strB encoded protein showed split chemical
shifts at carbons C6 and Cl1 (coupling constants were 5.3 Hz
at C6 and 3.2 Hz at Cl). The difference of 3.5 ppm in the
chemical shifts at carbon C6 between streptomycin and the
phosphorylated streptomycin was similar to that reported for
carbon C6 in streptomycin-é6-phosphate (23). This

established that the enzyme encoded by strB was APH(6)-Id.



DISCUSSION

our biochemical analysis of the enzymes produced by strA
and strB support predictions made from protein sequence data
(20) that the strA-strB genes encode two aminoglycoside
phosphotransferases, APH(3")-Ib and APH(6)-Id, respectively.
We also confirmed in the deletion and complementation
studies that both genes were required for a high level of
resistance to streptomycin. Interaction between APH(3")-Ib
and APH(6)-Id appear essential for high resistance since
bacteria with only strA or strB were 2.5 to 5 fold more
sensitive to streptomycin than bacteria with both genes.

When strA and strB were cloned separately, only strA was
expressed. Examination of the primary sequence data
revealed that strA-strB were overlapping genes and that the
genes were translationally coupled. When strB was separated
from strA by cloning, cloned strB was devoid of an
reinitiation region and translation was inhibited until a
suitable Shine-Dalgarno sequence was inserted 5' of the
initiation codon.

It is also possible that the differential expression of
strA-strB is regulated by mRNA secondary structure
surrounding the ribosome binding site. The predicted stem-

loop structure for strA mRNA revealed that the Shine-
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Dalgarno sequence and the initiation codon, two elements
within the ribosome-binding site that allow translation
initiation (9), were located in the single-stranded region
of a stable stem-loop structure. However, no Shine-Dalgarno
sequence was present in the predicted stem-loop structure
for strB and the initiation codon was located in the double-
stranded region of a stable stem-loop structure. We found
that a weak Shine-Dalgarno sequence in the single-stranded
region upstream from an initiation codon in the double-
stranded region was not sufficient for APH(6)-Id production.
When the Shine-Dalgarno sequence and the initiation codon
were both located in the single-stranded region, APH(6)-Id
production was maximized and bacteria with this DNA were
resistant to streptomycin.

The gene encoding APH(6)-Ia, but not the one encoding
APH(3")-Ia, is part of the gene cluster involved in
streptomycin biosynthesis in the streptomycin-producing
Streptomyces griseus (6, 11). It was suggested that APH(6)-
Ia may protect S. griseus from the toxic action of
streptomycin (17, 22). However, the biological function of
APH(3")-Ia in S. griseus is unclear. Our study suggests
that the coexistence of APH(3")-Ia and APH(6)-Ia in S.
griseus may enable it to tolerate high levels of
streptomycin just as the coexistence of APH(3")-Ib and
APH(6)-Id in bacteria enable them to tolerate high levels of

streptomycin.
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PROPOSED RESEARCH ON RIBOSOME-MEDIATED STREPTOMYCIN

RESISTANCE IN Erwinia amylovora

INTRODUCTION

Fire blight, caused by Erwinia amylovora, is the most
important and destructive bacterial disease of apples and
pears in North America, New Zealand, much of Europe, and the
Mediterranean region (29). The methods for control of fire
blight are difficult, expensive, and not always effective.
Streptomycin is the most reliable and effective bactericide
for the control of fire blight. However, intensive use of
streptomycin has been accompanied by the development of
resistant strains of E. amylovora (18, 2, 13, 26).
Streptomycin-resistant E. amylovora were first detected in
Michigan in an apple orchard in Van Buren county in 1990
(Part I, this thesis). By 1993, resistant strains had been
detected in eight more apple orchards in Van Buren county,
two orchards in Kent county, and three orchards in Newaygo
county (14).

Bacteria use three strategies to cope with streptomycin:
alteration of the ribosomal target site, inactivation of
streptomycin by modifying enzymes, and reduced accumulation
of streptomycin in the cells. The enzyme- and ribosome-

mediated mechanisms are considered to be the most important
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of the three mechanisms because they are associated with
high levels of resistance. Among the streptomycin-resistant
strains of E. amylovora isolated from Michigan apple
orchards some exhibit an aminoglycoside phosphotransferase
(APH) activity in enzyme assays, while other strains do not
exhibit the enzyme activity. The molecular genetics and
biochemistry of resistance in strains with the APH enzyme
was the subject of this thesis. The resistant strains
lacking APH activity exhibit cross resistance to myomycin,
an antibiotic with a mode of action similar to streptomycin.
Strains resistant to both streptomycin and myomycin often
have mutations in ribosomal genes (3). Although enzyme-
mediated resistance is more common than ribosome-mediated
resistance in E. amylovora from Michigan, ribosome-mediated
resistance is common in Washington, Oregon (13), and
California (25). I propose to determine whether resistance
in these strains of E. amylovora is due to mutations in
ribosomal components, whether all field strains have the
same or different mutations, and whether strains with
different mutation sites have different levels of resistance
and protein synthesis. I also propose to determine the
nucleotide sequence for the 16S rRNA and r-protein S12 genes

of E. amylovora.

OBJECTIVES

1. To test whether there are different resistance levels
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present in the myomycin- and streptomycin-resistant strains
of E. amylovora.

2. To determine the molecular basis and biochemical
mechanism for streptomycin resistance in these strains.

3. To determine whether resistant field strains with altered
ribosomes have lower levels of protein synthesis in vitro

and lower growth rates than streptomycin-sensitive strains.

JUSTIFICATION

Developing an understanding of the mechanism of
streptomycin resistance in E. amylovora may suggest methods
for combating resistant strains. 1In this research project,
the resistance mechanism will be investigated by comparing
the nucleotide sequences of 16S rRNA and r-protein S12 genes
from sensitive and the myomycin- and streptomycin-resistant
E. amylovora and by determining the sensitivity of ribosomes
from these strains to streptomycin in an in vitro protein
synthesis assay. Although mutations in many ribosomal
components and sites may result in insensitivity to
streptomycin, mutations in the field strains may be limited
to one or a few sites. If there is only one mutation site,
the information suggests that the most stable and fittest
mutation is unique. Thus, we can design specific primers
for the detection of the point mutation by PCR-based
methods. If mutation occurs in several sites on the
ribosome that can be reflective to distinct resistance

levels in the bacterial cells. The alteration on ribosome
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may impair the protein synthesis and competition of the
niche of the cell. This information is useful for the
prediction for fitness of the resistant strains in nature.

Although mutations for streptomycin resistance may occur
in several sites in r-protein S4, S5 and S12, and 16S rRNA,
mutations in r-protein S12 and 16S rRNA are the most common.
Resistance due to mutations on r-protein S12 and 16S rRNA
has been reported not only in bacteria (5, 27) but also in
chloroplast of plants and green blue algae (6, 7, 12, 20).
Most mutations in the 16S rRNA gene are in the domains 530-
loop and 915 region (Escherichia coli numbering) (5, 11, 16,
19).

The different levels of streptomycin resistance may result
from mutations at different positions of r-protein S12 or
16S rRNA. Mutations at different positions of S12 and 16S
rRNA genes having different levels of resistance have been
reported (22, 24). If the field strains of E. amylovora
exhibit different levels of resistance to streptomycin, they
may have different mutation sites in r-protein S12 or 16S
rRNA.

Ribosomes with mutated r-protein S12 gene often exhibit
impaired protein synthesis in vitro. The efficiency of a
natural messenger RNA (MS2 RNA)-directed protein synthesis
is about 50% of the wild type (11). The impaired ribosome
may slow the growth of the bacterium and be harmful to its

fitness.
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In a preliminary study, the streptomycin-resistant strains
of E. amylovora which did not exhibit APH activity were
found to be resistant to the antibiotic myomycin, while
strains with APH activity were sensitive to myomycin.

Except for plasmid pEA29, the myomycin- and streptomycin-
resistant strains tested contain no other plasmid.
Resistance in these strains may be chromosomal. It may
result from mutations in the genes of ribosomal components

S12 and 16S rRNA.

DESCRIPTION OF RESEARCH PLAN

To test if there are various resistance levels present in
myomycin- and streptomycin-resistant strains of E. amylovora
isolated from Michigan and other States, the minimum
inhibitory concentration (MIC) will be determined in King's
medium B (KB) (10) amended with 0.1, 0.5, 1, 2, 4, 6, 8, and
10 mg streptomycin ml1~l. If different resistance levels are
present, two or three strains from each level will be
selected for further analysis. Otherwise, 30 strains will
be selected from the pool of resistant E. amylovora.

To clone the S12 gene a 0.6-kb fragment containing the
complete S12 gene will be amplified from the selected
resistant strains and a sensitive strain ELO1 and a APH-
producing resistant strain CAl11 of E. amylovora using the
polymerase chain reaction (PCR). Forward primer
GGCCTGGTGATGATGGCGGG in the 5' noncoding region of S12 gene

and the reverse primer CGTGGCATGGAAATACTCCG which
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complementary to the neighboring S7 gene, will be
synthesized for the PCR amplification. The two primers were
designed based on the consensus sequences in the two cloned
S12-S7 genes from E. coli and Salmonella typhimurium (9,
23), which with E. amylovora belong to the family
Enterobacteriaceae. The genomic DNA from the E. amylovora
strains will be prepared (28) and the PCR reactions will be
conducted as the described in the Part III of this thesis.
To clone the 16S rRNA gene a 0.6-kb DNA fragment will be
amplified by PCR and used as probe. Forward primer
GCACAATGGGCGCAAGCCTG and reverse primer GGTAAGGTTCTTCGCGTTGC
will be used in the PCR amplification. These primers were
designed based on the consensus sequences of 16S rRNA genes
from E. coli, Yersinia enterocolitica, and Erwinia
carotovora (1, GenBank Accession number M59149 and M59292).
Genomic DNA from E. amylovora ELO1l will be prepared and a
cosmid genomic library will be constructed in vector pHC79
(8). Colony hybridization with the probe will be conducted
to identify and isolate recombinant clones containing the
16S rRNA gene. The complete nucleotide sequence of 16S rRNA
gene from E. amylovora ELOl1 will be determined and used as
the standard for sequence comparison. Since the 0.6-kb
fragment contains the 530-loop and 915 region, the two
primers can be used not only for DNA amplification from the
resistant strains and strains CAl1l but also for direct
sequencing of the amplified fragments. The sequences of r-

protein S12 and 16S rRNA from strain ELO1 and the resistant
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strains will be compared using the FASTA program of the
Genetics Computer Group Sequence Analysis Software Package,
Version 7 (4). If the mutation site in the resistant
strains is unique, a specific primer will be synthesized
based on the principle of the amplification refractory
mutation system (ARMS; 21) for detection of the point
mutation by PCR.

The efficiency of protein synthesis and the error
frequency between normal and altered ribosomes will be
assayed. Ribosomes will be isolated by sucrose-gradient
centrifugation (17) from sensitive strain ELOl1 and resistant
strains of E. amylovora. Protein synthesis efficiency will
be tested under the direction of a natural messenger, MS2
RNA in the absence or the presence of streptomycin (17). To
establish error frequency, I will measure the ratio of
isoleucine incorporated per phenylalanine under the
direction of poly(U) in the presence of streptomycin (17).

To test whether E. amylovora with altered ribosomes is
incompetent to the cell with wild-type ribosome, competition
between a mutant and a wild-type E. amylovora in rich medium
and minimum medium will be conducted. The growth curve of
strain ELO1 and mutants will be determined in KB medium and
in minimum medium M9 (15). To test the competition between
the wild type and ribosome-altered mutants, ELOl1l and one of
the tested mutants will be co-cultivated in the KB medium
and the M9 medium and the growth curve of both strains will

be determined. The colony forming units (cfu) of the
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streptomycin-resistant mutant and the total cfu will be
determined by plating in KB medium amended with and without
50 ug streptomycin ml~1l, respectively. A low cfu ratio of
mutant to wild-type indicates the mutant is more

incompetent.
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CONJUGATIONAL TRANSFER OF pEa34

Conjugative plasmids are important vehicles for horizontal
transfer of new genetic material into plant pathogenic
bacteria. Besides the ubiquitous plasmid pEA29 (1), only a
56-kb plasmid has been described in some strains of E.
amylovora (2). Plasmid pEa34, the plasmid characterized in
this thesis, has not been described previously and appears
to be of recent origin in E. amylovora. Therefore, the
opportunity for the acquisition of antibiotic resistance via
plasmids must be rare in E. amylovora. This may be the
reason that plasmid-borne resistance in E. amylovora was not
detected until 1990, nearly four decades after streptomycin
was registered for the control of fire blight.

To be a conjugative plasmid, pEa34 is quite small.
Normally, the whole tra gene cluster (encoding proteins for
conjugation process) spans about 30 kb. pEa34 must have the
whole tra cluster arranged in DNA of less than 28 kb. pEa34
may also be a broad-host-range plasmid. In addition to E.
amylovora, pEa34 also exists in E. herbicola and can move by
conjugation from the donors into E. coli and P. syringae pv.
papulans (Table 1).

The detection of pEa34 in five strains of E. herbicola and

the conjugative transfer of the plasmid from E. herbicola
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TABLE 1. The transfer frequency of pEa34 by conjugation among strains

of Erwinia amylovora, Escherichia coli, Pseudomonas syringae pv.

papulans and Erwinia herbicola.

Donor Recipient Conjugation

Strain Strain Frequency

Genetic Marker and?

Screening Conditions

E. amylovora E. coli
CAll JM109 1.1

DH5a 1.4

JM109 (pUCD800) 3.7
JM109 (pGEM32£(+)) .3
E. amylovora P. syringae pv. papulans

Call Psp32 7.9

E. coli E. amylovora

JM109 (pEa34) BCO6 5.0
E. coli E. coli

JM109 (pEa34) JM109(pUCD800) 3.2
E. coli P. syringae pv. papulans

JM109 (pEa34) Psp32 5.3

E. herbicola E. coli
E. herbicola E. amylovora

144 BCO6 1.2

10~4
1074
10-5

10-5

10~2

10-7

strf, 37°C
strf, 37°C
strf + Kanf, 37°C

strf + AmpF, 37°C

strf + RifY, fluorescent

on King's B medium

strf + RifT

strf + KanT

strX + RifF, fluorescent

on King's B medium

strf + Ampft

strf + RifT, not 37°C
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Table 1 (Cont'd)

a str¥: streptomycin-resistant; KanF: kanamycin-resistant; AmpY:
ampicillin-resistant; RifF: Rifampicin-resistant; 37°C: screening the

transconjugants at 37°C.
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into E. amylovora suggests the possible movement of pEa34
between the two bacterial species. Dissemination of
resistance on conjugative plasmid can be horizontal and
vertical, but the dissemination of resistance on chromosome
can only be vertical. Therefore, the occurrence of
streptomycin resistance on pEa34 in E. amylovora is likely
to hasten the spread of resistance into additional Michigan
apple orchards via conjugational transfer of pEa34 into

sensitive strains of the pathogen.
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IDENTIFICATION OF THE MECHANISMS8 OF STREPTOMYCIN RESISTANCE

Among the mechanisms for streptomycin resistance, the
resistance mechanisms based on modifying enzymes or on
altered ribosomes are more important than the mechanism
based on reduced accumulation because the former exhibit
high level of resistance. Resistant strains isolated from
orchards and that can grow on media plates with 20 ug
streptomycin ml1~1 or more are considered that resistance in
the strains is enzyme-mediated or ribosome-mediated.

Streptomycin is inactivated via enzymatic modification by
aminoglycoside phosphotransferases, APH(3") and APH(6), and
aminoglycosidé adenylyltransferases, ANT(3") and ANT(6).
The modification is accomplished by transfer of a phosphate
group (APH enzymes) or adenyl group (ANT enzymes) from ATP
to the 3"- or 6-hydroxyl group (see Fig. 1).

Myomycin is an broad-spectrum antibiotic produced by a
member of the Nocardia genus (3). The mode of action of
myomycin in vivo and in vitro closely resembles that of
streptomycin. Spontaneous myomycin-resistant mutants of E.
coli are essentially indistinguishable from streptomycin-
resistant mutants at the ribosomal RNA and ribosomal

protein. However, myomycin is not a substrate for the known
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Fig. 1. Molecular structures of streptomycin and
spectinomycin and the reaction sites of APH(3"), APH(6),

ANT(3"), and ANT(6).
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streptomycin-modifying enzymes and could be useful in the
characterization of natural streptomycin-resistant isolates
and in counterselecting against the presence of
streptomycin-modifying enzymes.

Recent studies on streptomycin resistance have enabled the
resistance mechanisms to be characterized in molecular
level. Streptomycin resistant isolates can be divided into
enzyme- and ribosome-mediated mechanisms by myomycin (Fig.
2). The modifying enzymes, APH and ANT, can be identified
by phosphocellulose biding assay using [y-32P]-ATP and l4c-
ATP, respectively, as cosubstrates (1). APH(3") and APH(6)
can be distinquished by analyzing the respective
phosphorylated streptomycin using 13C-NMR analysis and
chemical reactions (Part III, 6). ANT(3") and ANT(6) can be
distinguished by the resistance to spectinomycin (2, 4) or
analyzing their adenylylated streptomycin with complicated
chemical methods (8). However, the easiest way for
identifying the enzyme-mediated mechanism is to probe the
existence of the specific genes which have been cloned (7).
Since altered ribosome is insensitive to streptomycin in
protein synthesis and decoding of translation (5), to
confirm the ribosome-mediated mechanism the sensitivity of
ribosome to streptomycin in protein synthesis needs to be
determined. Although alteration of several ribosomal
subunits can reduce the affinity of ribosome to
streptomycin, only mutations on 16S rRNA and ribosomal

protein S12 are common. To characterize this mechanism
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Streptomycin-Resistant
Isolates

Myomycin
Resistance?

(Yes) (No)
Ribosome-Mediated?! Enzyme-Mediated!?
Ribosome insen§itive APH or ANT
to Streptomycin? Activity?
(No) (Yes) (Neither)
New Mechanism? New Mechanism? *
APH(3") ANT(3")
Nucleotlde'Sequence APH(6) ANT(6)
Comparison
13
C-NMR
atati ) ) : Spectinomycin
ibosoma
APH(3"
Protein S12 (39 APE(6)
(Yes) (No)
ANT(3") ANT(6)

Fig. 2. Flowchart for identification of streptomycin

resistance mechanisms
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comparisons of the nucleotide sequences of the ribosome
component genes from sensitive and resistant strain and test
of the insensitivity of ribosome to streptomycin are
required.

Studies with myomycin on the bacteria isolated from
Michigan and New York State apple orchards have shown that
myomycin can counterselect the resistance with modifying
enzymes. E. amylovora CAll, P. syringae pv. papulans Psp36,
P. aeruginosa 60, and E. herbicola 144, which exhibit an
aminoglycoside phosphotransferase activity and contain DNA
that hybridize to probe SMP3, are sensitive to myomycin
(Table 1). The other resistant strains which contain no DNA
homologous to the SMP3 are myomycin-resistant. The
myomycin-resistant strains may have an altered ribosome

because they are also highly resistant to streptomycin.
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TABLE 1. Characterization of mechanisms of streptomycin resistance by
the ability of resistance to streptomycin and myomycin, hybridization to
SMP3, and in vitro streptomycin phosphotransferase (APH) and

streptomycin adenylyltransferase (ANT) assay.

Enzyme Activityb

Streptomycin- Myomycin- Hybridization

Designation Resistant Resistant to sMp32 APH ANT

Erwinia amylovora

ELO1, BCO6 No No No No No
CAll, HT62-1 Yes No Yes Yes No
R1l1l, S5, Ea88 Yes Yes No No No

E. herbicola

6a Yes No Yes Yes No
180 Yes Yes No No No

Pseudomonas syringae pv. papulans

Psp32 No No No No No
Psp36 Yes No Yes Yes No
MC37, MC38 Yes Yes No No No

Pseudomonas aeruginosa

60 Yes No Yes Yes No

4 A 0.5-kb tnpR-strA region from P. syringae pv. papulans Psp36.
b apH: aminoglycoside phosphotransferase; ANT: aminoglycoside

nucleotidyltransferase.
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