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ABSTRACT

McManus, P. S., and Jones, A. L. 1995. Genetic fingerprinting of Er-
winia amylovora strains isolated from tree-fruit crops and Rubus spp.
Phytopathology 85:1547-1553.

Genetic fingerprints were determined for 189 strains of Erwinia amy-
lovora isolated from different hosts from fruit-producing regions in
North America and New Zealand using two polymerase chain reaction
(PCR)-based techniques. For repetitive element PCR (rep-PCR), outward-
facing oligonucleotide primers complementary to the ends of highly con-
served, repetitive, extragenic sequences directed amplification of DNA
between adjacent repetitive elements. Identical rep-PCR fingerprints were
detected among 87% of the tree-fruit strains, and similarity coefficients
based on shared rep-PCR products ranged from 96 to 99% among tree-
fruit strains that differed in at least one rep-PCR product. Strains isolated
from Rubus spp. were genetically more heterogeneous, with no pre-
dominant rep-PCR fingerprints, and similarity coefficients based on shared
rep-PCR products ranged from 89 to 97%. Several major rep-PCR prod-

ucts distinguished tree-fruit strains from Rubus strains. For PCR ribo-
typing, oligonucleotide primers directed amplification of the 16S-23$
spacer region of the rrn operon(s). Four distinct PCR-ribotype finger-
prints (PCR-ribotypes 1 through 4) were detected among strains of E.
amylovora. PCR-ribotype 1 was common among 100, 97, and 27% of
tree-fruit isolates from New Zealand, eastern North America, and the
western United States, respectively. Strains of PCR-ribotype 2 were rare,
accounting for only 4% of the strains from the western United States.
Strains of PCR-ribotype 3 were found primarily in the western United
States, and strains of PCR-ribotype 4 were all isolated from Rubus spp.
Out of 11 strains of E. herbicola isolated from various hosts and loca-
tions, no 2 strains produced identical rep-PCR fingerprints using any of
the three rep-PCR primer sets, but all strains of E. herbicola were PCR-
ribotype 5. We conclude that strains of E. amylovora isolated from fruit
trees are genetically homogeneous and can be distinguished from strains
isolated from Rubus spp. using simple, rapid PCR techniques.

Fire blight, caused by the bacterium Erwinia amylovora, is an
economically important disease that affects apple (Malus x do-
mestica Borkh.) and pear (Pyrus communis L.) production world-
wide. Rubus spp. and several other members of the Rosaceae also
are susceptible to fire blight. Widespread trade of contaminated
nursery stock and propagation material is believed to be respon-
sible for the intercontinental dissemination of E. amylovora, al-
though data supporting this hypothesis are lacking. The extent to
which E. amylovora is spread over shorter distances, for example
from orchard to orchard within a state, also is unknown. Cankers
at the scion-rootstock union and a within-row pattern of trees with
cankers have been cited as evidence that E. amylovora entered a
commercial apple nursery in Michigan on contaminated budwood
(32). These data were supported by the detection of E. amylovora
in asymptomatic apple tissue, including budwood (32,33), but
other sources of the pathogen, such as rootstock from the north-
western United States and Europe, were not investigated. The re-
search reported here was prompted, in part, by the need to trace
pathogen dispersal routes.

Polymerase chain reaction (PCR)-based methods have been used
extensively to fingerprint clinical bacteria isolated in hospitals (5,
28,37,45) and trace regional outbreaks of disease (29). Repetitive
extragenic palindromic (REP), enterobacterial repetitive intergenic
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consensus (ERIC), and interspersed, repetitive BOX sequences
are three unrelated families of repetitive elements common among
eubacteria (18,19,30,40). In repetitive element PCR (rep-PCR),
outward-facing oligonucleotide primers complementary to the
ends of these highly conserved sequences direct amplification of
the DNA that lies between adjacent elements (51). Agarose gel
electrophoresis of the amplification products reveals banding pat-
tems, or rep-DNA fingerprints, which vary among species and strains
of bacteria. In addition to clinical applications, rep-PCR recently
has been used to assess genetic diversity of and differentiate among
plant-associated bacteria (13,26,27,46).

PCR ribotyping involves amplification of spacer regions between
the 168 and 23S genes of prokaryotic rrn operons. In most bac-
terial species investigated, 2 to 11 copies of the rrn operon are
present at noncontiguous sites on the chromosome (9,10). In con-
trast to the 16S and 23S rRNA genes, which are highly conserved
among bacteria, the spacer regions between the rRNA genes,
which include genes for tRNA, vary in size and nucleotide se-
quence among bacterial species. This variation is affected by the
number and type of tRNA genes present (25). PCR ribotyping
exploits size polymorphism of the 16S-23S spacer region among
different bacteria and has been used to identify bacteria to the
species level (20) and differentiate strains within a species (12,
23,34). The concordance of PCR ribotyping with standard ribo-
typing, in which rRNA was used to probe restriction enzyme-di-
gested genomic DNA, was 98% for Burkholderia cepacia, but the
PCR-based method was much simpler and quicker than the stan-
dard method (12).
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PCR-based methods for assigning unambiguous, strain-specific
DNA fingerprints of limited complexity to E. amylovora might be
valuable in elucidating the origins of fire blight epidemics and for
differentiating among strains from different hosts and geographic
regions. In this study, we test whether rep-PCR and PCR ribotyp-
ing can be used to distinguish strains of E. amylovora isolated from
tree-fruit crops from strains isolated from Rubus spp. and to differ-
entiate among strains isolated from different geographic regions.

MATERIALS AND METHODS

Bacterial strains, identification of E. amylovora, and growth
conditions. Strains of bacteria and their relevant characteristics
and sources are listed in Table 1. A total of 175 tree-fruit isolates
and 14 Rubus isolates of E. amylovora and 11 strains of E. her-
bicola were analyzed by rep-PCR, PCR ribotyping, or both. All
strains of E. amylovora were either identified previously or dur-
ing this study by examining colony morphology on Crosse and
Goodman (CG) medium (11), DNA hybridization to a 5-kb probe
derived from pEA29, a plasmid unique to E. amylovora (16,31),
and PCR amplification of a 1-kb fragment of pEA29 (1,33).
Bacterial cultures were stored in Luria-Bertani medium (39) plus
20% glycerol at ~70°C and cultured on King’s medium B (KB
[21]) at 27°C.

Determination of streptomycin phenotype. The streptomycin
phenotype of each strain was determined by streaking bacteria on
KB amended with streptomycin at 100 pg/ml (KBs); strains that
did not grow on KBs were designated streptomycin sensitive (S).
Strains that grew on KBs were streaked on KB amended with
streptomycin at 2,000 pg/ml (KBhs); strains that grew on KBs but
not KBhs were designated moderately resistant (MR). Strains that
grew on KBhs were designated highly resistant (HR). Minimum
inhibitory concentrations of streptomycin for some strains have
been reported previously (8,31).

DNA isolation. Total bacterial genomic DNA was isolated by a
cetyltrimethylammonium bromide (CTAB) miniprep procedure (52),
quantified spectrophotometrically, and adjusted to a concentration
of approximately 100 ng/pl. Plasmid pEa34, which harbors the
streptomycin-resistance genes strA and strB on transposon Tn5393,
was recovered from clone JMEa34-1 of Escherichia coli (7) by
centrifugation on cesium chloride gradients (39).

Rep-PCR. Primers were synthesized with an automatic DNA syn-
thesizer (model 380B, Applied Biosystems, Foster City, CA) at the
Macromolecular Facility, Department of Biochemistry, Michigan
State University, East Lansing. Primers REP1R-I (5"-IINICGICGI
CATCIGGC-3"), REP2-1 (5-ICGICTTATCIGGCCTAC-3), ERICIR
(5’-ATGTAAGCTCCTGGGGATTCAC-3"), ERIC2 (5'-AAGTAA
GTGACTGGGGTGAGCG-3"), and BOXAIR (5'-CTACGGCAA
GGCGACGCTGACG-3") complement conserved repetitive sequen-
ces in bacteria (30,51). Amplification was performed in a total vol-
ume of 25 pl containing (final concentrations) 67 mM Tris-HCl
(pH 8.8), 83 mM (NH,),S04, 2.0 mM MgCl,, 30 mM 2-mercap-
toethanol, 4 pg of bovine serum albumin, 10% dimethyl sulfoxide,
125 pM each of dATP, dCTP, dGTP, and dTTP, 2.0 units of Tag
DNA polymerase (Gibco BRL, Gaithersburg, MD), and 50 pmol
each of opposing REP or ERIC primers or 100 pmol of BOXAIR.
A 0.4-pl aliquot (approximately 40 ng) of genomic DNA, or wat-
er as a negative control, was added to reaction tubes. Alternative-
ly, whole-cell PCR was performed by transferring 10* to 10° cells
of E. amylovora from culture medium or glycerol stock to reac-
tion tubes with a sterile, plastic pipette tip. Samples were overlaid
with a drop of light mineral oil, and amplification was performed
in a thermal controller (Model PTC 150, MJ Research, Watertown,
MA). Initial denaturation was at 95°C for 7 min, followed by 30
cycles of denaturation at 94°C for 1 min, annealing at 44, 52, or
53°C for 1 min with REP, ERIC, or BOX primers, respectively,
and extension at 65°C for 8 min, with a final extension at 65°C
for 15 min and a soak at 4°C. PCR with each primer set (REP-,
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ERIC-, and BOX-PCR; rep-PCR collectively) was performed at
least twice for each bacterial strain. PCR products (8 to 12 pl) were
separated on 1.5 or 2.0% agarose gels, stained with ethidium bro-
mide, and photographed under UV illumination with type 55 Pola-
roid film (Cambridge, MA).

Similarity coefficients. Calculation of similarity coefficients for
pairwise comparisons between strains was done by combining REP-,
ERIC-, and BOX-PCR data sets for each strain and applying the
following formula, which was previously used to estimate genetic
divergence based on the proportion of restriction fragments shared
by two populations (35):

F=2ny/(n.+n,)

where n, and n, are the numbers of fragments from populations x
and y, respectively, and n,, is the number of fragments shared by
strains x and y. In our analysis, restriction fragments were replaced
by rep-PCR bands, so F x 100% was the percentage of rep-PCR
products of the same size common to the two bacterial strains being
compared. The relative intensity of bands was not considered in the
calculation of similarity coefficients.

PCR ribotyping. Primers 16S (5-TTGTACACACCGCCCGTC
A-3") and 23S (5-GGTACCTTAGATGTTTCAGTTC-3") are com-
plementary to conserved regions of the rRNA operon of B. cepacia
(12,23). Amplification was performed in a total volume of 50 pl
containing (final concentrations) 20 mM Tris-HCI (pH 8.4), 50 mM
KCl, 2.0 mM MgCl,, 0.1% Triton X-100, 200 uM each of dATP,
dCTP, dGTP, and dTTP, 2.0 units of 7aq polymerase, and 100 pmol
each of primers 16S and 23S. Genomic DNA, whole cells, or water
was added to reaction tubes as described above, and samples were
overlaid with a drop of light mineral oil. Initial denaturation was at
95°C for 3 min, followed by 30 cycles of denaturation at 94°C for 1
min, annealing at 55°C for 1 min, and extension at 72°C for 1 min,
with a final extension at 72°C for 10 min and a soak at 4°C. PCR
products (3 to 5 pl) were visualized on 1.5% agarose gels as de-
scribed above for rep-PCR,

Effect of plasmid pEa34 on rep-PCR and PCR-ribotype fin-
gerprints. Strain CAll carries the self-transmissible, streptomycin-
resistance plasmid pEa34 (6,7). Spontaneous mutants of streptomy-
cin-sensitive strains P1, IL5, IL6, MR1, RKK2, and RBA4, resistant
to nalidixic acid at 50 pg/ml, each were mated with strain CAll, and
transconjugant strains were selected as described previously (6,31).
Plasmid pEa34 was digested with PsiI and labeled with digoxige-
nin-11-dUTP as recommended by the manufacturer (Genius DNA
labeling and detection kit, Boehringer Mannheim Corp., Indianapolis,
IN). Southern analysis of rep-PCR products representative of the
various fingerprints was performed by standard methods (39) using
labeled pEa34 as a probe.

RESULTS

Rep-PCR. Several amplification products resulted from PCR with
each primer set (Fig. 1). Comparisons between strains of E. amy-
lovora were based on products in the range of 300 to 1,800 bp
because products within this range were amplified consistently from
one experiment to the next. Among the 154 strains of E. amylo-
vora analyzed by rep-PCR, REP-, ERIC-, and BOX-PCR finger-
prints comprised four (Fig. 1, A-D), six (Fig. 1, A-F), and three
(Fig. 1, A-C) groups, respectively. Rep-PCR fingerprints indicated
genetic homogeneity among tree-fruit strains of E. amylovora from
diverse geographic locations (Fig. 1; Tables 1 and 2). Among the
140 tree-fruit strains analyzed by rep-PCR, including 54 strains
collected over a 3-year period from four different fields at a com-
mercial fruit-tree nursery in Michigan, 87% had identical (group
A, A, A [Fig. 1]) REP-, ERIC-, and BOX-PCR fingerprints. An
additional 9.3 and 2.2% of the strains, all from the western United
States, differed from the predominant group only in having a 570-
bp BOX-PCR product (BOX-PCR fingerprint B [Fig. 1]) or lack-
ing a 360-bp ERIC-PCR product (ERIC-PCR fingerprint C [Fig.



1]), respectively. The remaining 1.4% of the strains (CA263 and Several major rep-PCR products differentiated strains of E. amy-
CA264) lacked 1,600-bp REP-PCR and 360-bp ERIC-PCR prod- lovora isolated from Rubus spp. from each other and from tree-
ucts that were common among the other tree-fruit strains but had fruit strains (Fig. 1; Table 1). The ERIC- and BOX-PCR finger-
an additional 600-bp ERIC-PCR product that was lacking in all prints for strains from Illinois were type A, the predominant ERIC-
other strains (REP- and ERIC-PCR fingerprints B [Fig. 1]). and BOX-PCR fingerprints of tree-fruit strains. However, all Rubus

TABLE 1. Bacterial strains studied and their relevant characteristics

Rep-PCR fingerprint?

Species Streptomycin PCR-
Strain phenotype? REP ERIC BOX ribotype Origin; source, or reference®
Erwinia amylovora
Gl12, K2, RN8, MK, P1,,,P1, PFI,
PWS5, BWS16, ELO1 S A A A 1 Michigan; apple, (6), this study
RBO1 S A A A 3 Michigan; apple, this study
SCW17, DF9, WinR3, GH9, DR5,

HOI33, AMI10, Lyonl4, HR25, JD20,

RRP12, DA7, VHBI, SC25, RMFF17,

RL3, TF6, BWN7a, DU3, Mag-2,

OKS8, PF1, RBO7, RBO10, RBO18 S - - - 1 Michigan; apple, this study
RBO2, RBO3, RBO6 S - - - 3 Michigan; apple, this study
CAll MR® A A A 1 Michigan; crabapple, (6)

RN21 MR*® A A A 1 Michigan; apple, this study
HNS, HDS5, HS10, HO94-27, AM15, MJ7,

Pug26 MR® - - - 1 Michigan; apple, this study
BCN20, DMI, DM13 MR' A A A 1 Michigan; apple, (31), this study
BCN77 MR# A A A 1 Michigan; apple, (31), this study
BB5b, JR31b, SC30b, SC34b, S5, S11 HR A A A 1 Michigan; apple, (8), this study
Pl,4(pEa34) MR A A A 1 Transconjugant of P1,, x CAll; this study
DP4, DP11 S A A A 1 Michigan; pear, this study
Miscellaneous (54 strains)" S A A A 1 Michigan; apple nursery
Ea225 A A A 1 New York; apple, SB
Ea266 (E4001A) S A A A 1 Ontario; apple, (36), GB, SB, JN
FB93-5 HR A A B 3 Idaho; pear, KM
FB93-9 s A A A 1 Idaho; apple, KM
FB93-12 S A A A 1 Idaho; crabapple, KM
PFB4 S A A A 1 Idaho; plum, KM
87-70, 87-73, 87-74, WD2, WSDA1,

WSDA14, LP100 S A A A 1 Washington; apple, LP
87-80, LP101 S A A A 3 Washington; apple, LP
88-38, WSDA34 HR A A A 3 Washington; apple, LP
Ea88, LA004, LAO11, LA022, LA033,

LA092, LA097, JL1164, JL1189, JL1196 HR A A A 3 Washington; pear, VS, JL, RR
LA029, LA077 HR A A B 3 Washington; pear, VS
OR1, OR2 HR A A A 3 Oregon; pear, VS
OR6, OR7, OR11, OR12, OR19, OR24,

OR25, OR27, OR28, OR29 HR A A B 3 Oregon,; pear, VS
CAB831, CA850 HR A A A 3 California; tree-fruit host unkown, MS
CA263, CA264 HR B B A 2 California; tree-fruit host unknown, MS
CAIR, CA6R S A A A 3 California; apple, BT
CA3R, CA4R, CASR MR! A C A 1 California; apple, BT
NZR2, NZR3, NZR4, NZR35, NZR6,

NZR10, NZR13, NZR25 HR A A A 1 New Zealand; tree-fruit host unknown, JV
NZS4, NZS12, NZS24, NZS29 S A A A 1 New Zealand; tree-fruit host unknown, JV
IL5, IL6 S C A A 4 Illinois; Rubus, (38), SR
IL5,u(pEa34) MR C A A 4 Transconjugant of IL5,, x CA11; this study
MR1, MR2, MR3, MR4 S C D C 4 Michigan; site MR; Rubus, this study
RKK2, RKK3, RKK4, RKKS S D E C 4 Michigan; site KK; Rubus, this study
RBA4, RBAS, RBA10, RBAE S D F C 4 Michigan; site BA; Rubus, this study

Erwinia herbicola
252, 112Y, 262, 312, 331, 351, 107 - - ~ - 5 Various locations and hosts; SB, (4,53)
C9-1, 6a, 180, BC9 - - - - 5 Michigan; apple, CI, (31,41)

* § = sensitive, minimum inhibitory concentration (MIC) < 100 pg/ml; MR = moderately resistant, 100 pg/ml < MIC < 2,000 pg/ml; HR = highly resistant, MIC
> 2,000 pg/ml. Streptomycin phenotypes and MICs for some strains have been reported previously (8,31).

® Repetitive element-polymerase chain reaction (rep-PCR) fingerprints obtained using repetitive extragenic palindromic (REP)-PCR; enterobacterial repetitive
intergeneric consensus (ERIC)-PCR; and BOX-PCR.

¢ GB = G. Bonn, Agriculture Canada, Harrow, Ontario; SB = S. Beer, Cornell University, Ithaca, NY; CI = C. Ishimaru, Colorado State University, Fort Collins;
JL = J. Loper, USDA-ARS Horticultural Crops Research Laboratory, Corvallis, OR; KM = K. Mohan, University of Idaho, Moscow; JN = J. Norelli, New York
State Agricultural Experiment Station, Cornell University, Geneva; LP = L. Pusey, USDA-ARS Tree Fruit Research Laboratory, Wenatchee, WA; SR = S. Ries,
University of Illinois, Urbana; RR = R. Roberts, USDA-ARS Tree Fruit Research Laboratory, Wenatchee, WA; MS = M. Schroth, University of California-
Berkeley; BT = B. Teviotdale, University of California Kearney Agricultural Center, Parlier; VS = V. Stockwell, USDA-ARS Horticultural Crops Research
Laboratory, Corvallis, OR; JV = J. Vanneste, Hort Research Ruakura Research Centre, New Zealand.

9 — = not tested.

¢ strA-strB carried on plasmid pEa34 (6,7).

! strA-strB carried on plasmid pEA29 (31, P. S. McManus, unpublished data).

& strA-strB inserted on the chromosome (31).

" Collected from four nursery plantings during 1992 to 1994,

! strA-strB carried on a plasmid <20 kb in size (P. S. McManus, unpublished data).
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Fig. 1. Repetitive element-polymerase chain reaction (rep-PCR) fingerprints
of representative strains of Erwinia amylovora. Rep-PCR products (8 to 12
pl) were separated on 2.0% agarose gels, stained with ethidium bromide, and
photographed under UV illumination. Strains representing repetitive extra-
genic palindromic (REP)-PCR types A-D; enterobacterial repetitive intergen-
eric consensus (ERIC)-PCR types A-F; and BOX-PCR types A-C are indi-
cated above panels. White arrow heads denote polymorphisms among products,
i.e., the presence or absence of bands used to discriminate among rep-PCR
types. Lanes S, 100-bp ladder; lanes N, negative control.

1550 PHYTOPATHOLOGY

strains, including those from Illinois, were distinguished by a
unique 1,700-bp REP-PCR product (Fig. 1, lanes 19-26). Rubus
strains from Michigan were distinguished by having major 420-
and 520-bp ERIC-PCR products and lacking 820-bp ERIC-PCR
(Fig. 1, lanes 22-27) and 1,480-bp BOX-PCR (Fig. 1, lanes 20-
25) products that were common among all other strains. Several
other REP- and ERIC-PCR products were unique to Rubus strains
from different sites in Michigan.

The formula used to calculate similarity coefficients is based on
the premise that the degree of genetic relatedness between two
species or populations is expected to be correlated with the pro-
portion of DNA restriction fragments shared by the two groups
(35). Although the bands in restriction fragment and rep-PCR
analyses are not equivalent, polymorphisms by either method re-
flect nucleotide divergence between the two groups analyzed. Thus,
the formula was useful for pairwise comparisons between repre-
sentative strains that differed in at least one rep-PCR product
(Table 2). Similarity coefficients ranged from 96 to 99% among
tree-fruit strains and from 89 to 97% among Rubus strains. Simi-
larity coefficients were slightly lower between Rubus strains from
Illinois and Michigan (89 to 92%) than among Michigan strains
(95 to 97%). Rubus strains from Illinois were more similar to
tree-fruit strains (similarity coefficients of 95 to 99%) than they
were to other Rubus strains (similarity coefficients of 89 to 92%).
Similarity coefficients were lowest between Rubus strains from
Michigan and tree-fruit strains, ranging from 86 to 92%.

When rep-PCR fingerprints of bacterial strains were compared
on the same agarose gel, species other than E. amylovora and
strains incorrectly identified as E. amylovora were easily recog-
nized when run with a series of true E. amylovora strains (data
not shown). Also, rep-PCR fingerprints of E. herbicola, an epi-
phytic bacterium with a wide host range that includes apple, were
clearly different from those of E. amylovora (Fig. 2). Several rep-
PCR products were shared by some of the 11 strains of E.
herbicola tested, but no 2 strains had identical REP-, ERIC-, or
BOX-PCR fingerprints. A major 480-bp BOX-PCR product was
the only rep-PCR product common among all strains of E. her-
bicola.

PCR ribotyping. From E. amylovora, primers 16S and 23S gen-
erated major PCR products that ranged in size from approxi-
mately 700 to 1,100 bp. Four distinct PCR product profiles re-
sulted from tree-fruit and Rubus strains of E. amylovora and were
designated PCR-ribotypes 1 through 4 (Table 1; Fig. 3). PCR-
ribotype 1 was common among 100, 97, and 27% of tree-fruit
isolates of E. amylovora from New Zealand, eastern North Amer-
ica, and the western United States, respectively (Table 3). PCR-
ribotype 2, which differed from PCR-ribotypes 1 and 3 by lack-
ing 920- and 1,100-bp products, was unique to strains CA263 and
CA264 from California. PCR-ribotype 3, which differed from PCR-

TABLE 2. Similarity coefficients of the combined data from REP-, ERIC-,
and BOX-PCR, expressed as a percentage of shared rep-PCR products from
Erwinia amylovora®

E. amylovora strain

Tree-fruit strains Rubus strains

E. amylovora

strain FB93-5 CA264 CA3R IL5 MR1 RKK2 RBA4
CAll 99 96 97 96 88 920 88
FB93-5 97 96 95 86 89 86
CA264 v 96 97 89 92 89
CA3R G 99 88 88 88
IL5 - 92 92 89
MR1 v 95 95
RKK2 P 97

* Strains listed are representative of eight fingerprints obtained from 154 strains
of E. amylovera by combining data from repetitive element-polymerase
chain reaction (rep-PCR) fingerprints obtained using repetitive extragenic
palindromic (REP)-PCR; enterobacterial repetitive intergeneric consensus
(ERIC)-PCR; and BOX-PCR (Fig. 1).



ribotype 1 by lacking an approximately 800-bp product, was found
in 69 and 3% of the strains from the western United States and
eastern North America, respectively. PCR-ribotype 4, character-
istic of Rubus strains, differed from PCR-ribotypes 1 through 3
by lacking 880-, 1,050-, and 1,100-bp products but having an ad-
ditional broad band at approximately 980 bp. All strains of E.
herbicola were PCR-ribotype 5, which was distinct from PCR-ri-
botypes 1 through 3 but similar to PCR-ribotype 4.

PCR ribotype was not strictly correlated with streptomycin pheno-
type or geographic origin (Table 3). Strains with S and HR strep-
tomycin phenotypes varied in PCR ribotype, whereas all MR
strains were PCR-ribotype 1. Strains from the western United States
were PCR-ribotype 1, 2, or 3; strains from eastern North America
were PCR-ribotype 1 or 3; and strains from New Zealand were
PCR-ribotype 1.

Effect of plasmids on rep-PCR and PCR ribotyping, Fre-
quency of transfer of plasmid pEa34 from strain CAl1 to nali-
dixic acid-resistant mutant strains P1,,, IL5,,, and IL6,, was 5.0,
7.7, and 6.2 x 107?, respectively. Frequency of transfer of pEa34
to strains MR 1, RKK2,,;, and RBA4,, was less than 1 x 10~ in
all cases. Rep-PCR and PCR ribotyping were unaffected by plas-
mid pEa34 because transconjugant strains P1,,(pEa34) and IL5,,
(pEa34) had fingerprints identical to parental strains P1,, and
IL5,,, respectively. Plasmid pEa34 did not hybridize to any rep-
PCR products of representative isolates.

DISCUSSION

The rep-PCR analyses performed in this study indicated that fire
blight on tree-fruit crops in the United States and New Zealand is
caused by E. amylovora strains with very closely related chromo-
somal genotypes. The limited genetic diversity detected using rep-
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Fig. 2. Repetitive extragenic palindromic (REP)-, enterobacterial repetitive in-
tergeneric consensus (ERIC)-, and BOX-polymerase chain reaction (PCR) fin-
gerprints of Erwinia herbicola (lanes 2-8), and ERIC- and BOX-PCR finger-
prints of E. amylovora (lane 1). PCR products (8 to 12 pl) were separated on
a 2.0% agarose gel, stained with ethidium bromide, and photographed under
UV illumination. Lane 1, strain CA11; lane 2, strain 112Y; lane 3, strain 262;
lane 4, strain 312; lane 5, strain 351; lane 6, strain 107; lane 7, strains C9-1;
lane 8, strain 6a; lanes S, 100-bp ladder; lane N, negative control.

PCR is consistent with the finding of about 100% DNA-DNA hy-
bridization between strains of E. amylovora (3,17). Physiological
and serological homogeneity within E. amylovora also is well
documented (2,15,22,43,49). The apparent clonal population struc-
ture of E. amylovora may be due to limited genetic recombination
in this species, a high degree of specialization of the pathogen to
a narrow ecological niche, or the relatively recent adaptation of
this bacterium to fruit crops. The limited genetic variability de-
scribed using rep-PCR provides a baseline for future character-
ization of strains of E. amylovora from other hosts and geo-
graphic regions.

Rep-PCR and PCR-ribotype fingerprints differentiated strains
of E. amylovora isolated from fruit trees from strains isolated
from Rubus spp. Several major polymorphisms among rep-PCR
products of Rubus strains are evidence that these strains are ge-
netically more variable than strains from fruit trees. Other workers
have found that strains from Rubus spp. do not infect pome fruits,
strains from pome fruits do not infect Rubus spp., and strains from
apple and pear are pathogenic on all other known fire blight hosts
(14,38,42,48). Starr et al. (42) proposed a forma specialis desig-
nation for strains pathogenic on Rubus spp. to reflect this host
specificity. Furthermore, tree-fruit strains can be distinguished from

Fig. 3. Representative polymerase chain reaction (PCR)-ribotype finger-
prints. PCR products (3 to 5 ul) were separated on 2.0% agarose gel, stained
with ethidium bromide, and photographed under UV illumination. Strains
P1, BBSb, NZS4, CA264, CA263, CA831, OR6, LA004 of Erwinia amy-
lovora were isolated from fruit trees; strains MR 1 and IL5 were isolated from
Rubus spp. Strains BC9 and Eh112Y are E. herbicola. Strains representing
PCR-ribotypes 1-5 are indicated by numbers above the panels. Lane S, 100-
bp ladder.

TABLE 3. Polymerase chain reaction (PCR)-ribotype frequencies for tree-
fruit strains of Erwinia amylovora

PCR-ribotype frequency (%)

Level of resistance Total no.
and origin of strains 1 2 3
Streptomycin phenotype®
s 114 93 0 7
MR 16 100 0 0
HR 45 30 4 66
Geographic origin
Eastern North America 115 97 0 3
Western United States 48 27 4 69
New Zealand 12 100 0 0

* Minimum inhibitory concentration (MIC) determined by plating strains on
King's B medium (KB [21]) and KB amended with streptomycin at 100 or
2,000 pg/ml. Sensitive (S), MIC < 100 pg/ml; moderately resistant (MR),
100 pg/ml < MIC < 2,000 pg/ml; highly resistant (HR), MIC > 2,000 pg/ml.
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Rubus strains based on restriction fragment length polymorphism
in the hrp gene cluster (24). The results of rep-PCR and PCR-
ribotype fingerprinting corroborate previous conclusions based on
pathogenicity tests that E. amylovora consists of at least two dis-
tinct subgroups. Although differences in host specificity and geno-
mic fingerprints readily differentiated tree-fruit strains from Rubus
strains, rep-PCR fingerprints of Rubus strains IL5 and IL6 from
Illinois were more similar to the fingerprints of tree-fruit strains
than to Rubus strains from Michigan.

We evaluated the use of PCR-based methods to trace the pos-
sible origins of E. amylovora in a commercial apple nursery in
Michigan by comparing genetic fingerprints of nursery isolates
with fingerprints of isolates from local orchards, including bud-
wood sources, and isolates from the states in the Pacific North-
west of the United States that supply rootstocks. Unfortunately,
we could not distinguish among nursery isolates, budwood iso-
lates, and strains isolated from orchards in the western United
States using rep-PCR. The results of PCR ribotyping also were
insufficient to pinpoint the probable source of pathogen entry into
the nursery. However, all isolates from the nursery plantings, bud-
wood sources, and orchards near the nursery were PCR-ribotype
1, while all but seven isolates from orchards in Oregon and Wash-
ington were PCR-ribotype 3. Although these data do not exclude
the possibility that E. amylovora entered the nursery on root-
stocks from western states, they bolster previous evidence that lo-
cal orchards were the source of the pathogen (32).

Streptomycin is the most effective chemical used for control-
ling fire blight. High-level resistance to streptomycin in E. amy-
lovora has likely evolved independently by mutation at least
twice because the HR strains from Michigan and New Zealand
were PCR-ribotype 1, whereas HR strains from the western Uni-
ted States were either PCR-ribotype 2 or 3. All MR strains were
PCR-ribotype 1, which would be expected for MR strains from
Michigan, since 97% of the strains from eastern North America
were PCR-ribotype 1. Although MR strains from California were
also PCR-ribotype 1, there is no basis to expect that the MR
phenotype is restricted to E. amylovora of PCR-ribotype 1. Rath-
er, the occurrence of the MR phenotype in E. amylovora of PCR-
ribotype 1 is probably due to the relatively recent acquisition of
strA-strB in E. amylovora.

Rep-PCR and PCR ribotyping should prove valuable in ecolog-
ical and evolutionary studies aimed at investigating genetic diver-
sity in populations of E. amylovora worldwide. For example, E.
amylovora may have been associated with host plants indigenous
to North America prior to the introduction of apple from Europe.
That apple is not the original host of E. amylovora is supported
by the fact that fire blight was not reported in eastern Europe, the
probable center of origin of apple, until the late 1980s (47). Ge-
netic fingerprints of isolates from additional host species, espec-
ially those indigenous to eastern North America and eastern Eur-
ope, might be useful in analyzing evolutionary aspects of host
specificity. If E. amylovora originated on species native to eastern
North America, then one would expect greater strain-to-strain
variation among E. amylovora from these hosts in North America
than among strains from native hosts in Europe where fire blight
has been known to occur for less than 40 years.

The primary advantages of rep-PCR and PCR ribotyping over
typing methods that entail DNA purification, probe labeling, and
Southern blotting, are their ease of application and rapidity. Rep-
PCR and PCR-ribotype fingerprints were obtained in approxi-
mately 12 and 6 h, respectively. An additional advantage is that
differences in fingerprints apparently reflect genetic variation of
the bacterial chromosome and not extrachromosomal DNA. Al-
though plasmid profiles were not established for all isolates, some
strains of E. amylovora contained the self-transmissible plasmid
pEa34 (e.g., strain CA11 [6,7,31]) or pCPP60 (e.g., strain BCN20
[31,44]) yet had rep-PCR and PCR-ribotype fingerprints identical
to strains lacking these plasmids (e.g., strain P1). The absence of
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hybridization of rep-PCR products to plasmid pEa34 is further evi-
dence that rep-PCR products were not amplified from pEa34. Also,
MR strains that varied in the genomic location of strA-strB (31)
had identical fingerprints. Thus, no correlation was obvious between
fingerprints and plasmid content or presence and genomic loca-
tion of strA-strB. In addition, mutations in the chromosomal rpsL
gene, which confer a high level of resistance to streptomycin (8),
had no apparent effect on rep-PCR or PCR-ribotype fingerprints.
We included strains of E. herbicola in our study to demonstrate
the use of rep-PCR and PCR ribotyping on an epiphytic bacter-
ium reported to be genetically heterogeneous (3,43,50). While rep-
PCR fingerprints varied greatly among strains of E. herbicola, PCR-
ribotype fingerprints were identical for all strains. Identification
of E. herbicola has traditionally involved a battery of physio-
logical and biochemical tests. Methods to rapidly and accurately
identify members of this ecologically significant epiphyte might
be developed based on the major 480-bp BOX-PCR product or
PCR-ribotype fingerprint common to all strains tested.
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