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ABSTRACT

Roberts, P. D., Jones, J. B., Chandler, C. K., Stall, R. E., and Berger, R. D. 1996. Survival of
Xanthomonas fragariae on strawberry in summer nurseries in Florida detected by specific prim-
ers and nested polymerase chain reaction. Plant Dis. 80:1283-1288.

Genomic DNA from strain XF1425 of Xanthomonas fragariae was amplified with primers
RST2 and RST3 from the hrp-gene region of Xanthomonas campestris pv. vesicatoria. The
polymerase chain reaction (PCR) product was sequenced. Four primers were selected at sites
unique to X. fragariae, which were identified by comparison with the sequences of PCR prod-
ucts amplified by the same primers from DNA of three strains of X. campestris pv. vesicatoria.
Three primers were specific for amplification of DNA from X. fragariae but not from strains of
16 pathovars of X. campestris or nonpathogenic xanthomonads from strawberry. Bacteria were
detected at approximately 10* to 10° CFU/ml by a single round of PCR. A nested PCR technique
enabled detection to approximately 18 cells. Restriction endonuclease digestion patterns of the
PCR product were unique to X. fragariae and confirmed amplification of DNA from the target
organism. Bacteria were detected from symptomatic and asymptomatic plant tissue by the
nested technique. From strawberry plants inoculated with a rifampicin-resistant strain of X.
fragariae and planted in the field in Florida, bacteria were detected by nested PCR and by re-
covery onto media at 2-week intervals for 92 days after planting. Daughter plants of the inocu-
lated plants were positive for X. fragariae by nested PCR amplification, indicating that X. fra-
gariae survived on plants in summer nurseries in Florida and was disseminated to daughter

plants.
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Strawberry (Fragaria X ananassa Du-
chesne) angular leaf spot, caused by the
bacterium Xanthomonas fragariae, was
first reported in Minnesota in 1959 and
now occurs in many areas of strawberry
production throughout the world (8,15).
The disease caused the loss of 75% of fruit
in Wisconsin (3). Angular leaf spot was
first found in Florida in 1968 (6). In Flor-
ida, strawberry plants that arrive from
northern nurseries for transplanting in the
fall frequently have angular leaf spot.

The epidemiology of X. fragariae is
mostly unknown in strawberry fields in
Florida, where production is from annual
crops. Howard (6) was unable to determine
the inoculum source for infected plants
from nurseries in Florida or other states.
Bacteria may survive in the soil on infested
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leaves (9), but plants are usually treated
with the herbicide paraquat at the end of
the season in Florida and removed. The
bacterium does not survive freely in the
soil (9). Cool temperatures (=24°C) are
optimal for disease symptom expression,
and high temperatures (>28°C), such as
those that occur in Florida during the
summer months, are unfavorable for
symptom development (8). In surveys con-
ducted in 1968, 1970, 1993, and 1994,
nursery plants with symptoms of angular
leaf spot in the spring did not have symp-
toms of the disease the following August.
In 1969, mild infections on one variety
were observed in the nursery in mid-
August, but plants of this variety did not
develop angular leaf spot in production
fields (6; P. D. Roberts, unpublished).
Neither the survival of the bacterium on
plants in summer nurseries in Florida nor
inoculum sources other than infected
transplants has been established.
Identification of plants infected with X.
fragariae is a priority because of the ease
of transmission via infected but asympto-
matic plants (16). International movement
of infected plants is blamed for the intro-
duction of angular leaf spot into Greece
and New Zealand (2,19). Nursery plant

producers are pressured to provide disease-
free plants by foreign countries and by
farmers who refuse to buy infected trans-
plants. The European Plant Protection Or-
ganization (EPPO) lists X. fragariae as a
quarantined pest and has prescribed phyto-
sanitary procedures. In the future, regula-
tory issues may be of greater concern. The
production of pathogen-free plants is es-
sential for control of angular leaf spot.
Therefore, accurate identification of in-
fected plants is imperative. Available de-
tection techniques are limited in their use-
fulness and accuracy in detecting the low
populations of the bacterium that may exist
in asymptomatic tissue. X. fragariae may
be identified in the early stages of leaf
infection by the diagnostic translucent,
water-soaked lesions viewed with trans-
mitted light; however, older lesions may be
confused with symptoms caused by fungal
pathogens (9). Diagnosis based on symp-
toms is very difficult and not applicable for
asymptomatic plants. Detection based on
isolation and characterization of the causal
agent may also be difficult because X. fra-
gariae grows slowly and may be masked
by faster growing organisms (5). Expres-
sion of water-soaked lesions takes 6 days
or longer after inoculation. Thus, tests to
confirm pathogenicity are difficult and
time-consuming.

Assays have been developed with im-
proved sensitivity and specificity for the
detection of plant pathogens in plant tissue.
A specific indirect enzyme-linked im-
munosorbent assay (ELISA) was devel-
oped to detect X. fragariae from sympto-
matic plant tissue (22). The polyclonal
antisera did not react with bacterial strains
of 16 pathovars of Xanthomonas campes-
tris or with nonpathogenic bacteria from
strawberry leaves. A single cross-reaction
occurred to a strain of X. campestris iso-
lated from Nerium oleander. The assay
detected bacteria directly from a visible
lesion on a strawberry leaf at approxi-
mately 10* CFU/ml. However, bacteria on
asymptomatic plants may not be detected
by this ELISA.

Polymerase chain reaction (PCR) ampli-
fication of specific DNA sequences has
been used to detect and identify many plant
pathogens, including some members of the
genus Xanthomonas (4,14). Primers spe-
cific to regions of the hrp gene cluster
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from X. campestris pv. vesicatoria detected
only pathogenic xanthomonads, since sap-
rophytic and nonpathogenic xanthomonads
lack these genes, which confer hypersensi-
tivity and pathogenicity (12,13,24,27).
Differentiation of X. campestris pathovars
was made by restriction endonuclease
analysis (REA) patterns generated by di-
gestion of the PCR products with frequent
cutting enzymes (11,12). The primers were
used to detect X. campestris pv. vesicatoria
DNA in seed lots of naturally infected
pepper and tomato (11). The limit of de-
tection by PCR is generally 10° to 102
CFU/ml (4,11,18). In nested PCR, the limit
of detection is decreased by using PCR
products from an amplification as target
DNA in a second round of amplification by
a second set of primers internal to the first
(23). McManus and Jones (17) reported the
nested PCR detected 1,000 times fewer
Erwinia amylovora cells than the minimum
number detected in a single round of PCR
amplification.

Our objective was to develop a sensitive
and specific technique for detection of X.
fragariae. Our approach was to design
primers specific to the region of genomic
DNA from X. fragariae related to the hrp
genes of X. campestris pv. vesicatoria. The
survival of X. fragariae on nursery straw-
berry plants in the field at two locations in
Florida and dissemination to daughter plants
was examined to understand the disease
cycle of angular leaf spot in Florida.

MATERIALS AND METHODS
Bacterial strains and culture condi-
tions. Strains of X. fragariae and non-
pathogenic xanthomonads isolated from
strawberry were maintained at 24°C on
Wilbrink’s (WB) medium (10). X. fragar-
iae colonies on this medium were pale
yellow and mucoid, and appeared 2 to 3
days after plating. Pathovars of X. cam-
pestris were cultured on nutrient agar
(Difco Laboratories, Detroit, MI) and in-
cubated at 28°C. Long-term storage was at

-70°C in 15% glycerol. Bacteria for plant
inoculations and DNA extractions were
grown in 5 ml of nutrient broth on a rotary
shaker at 200 rpm at 24°C for 16 h. A ri-
fampicin-resistant mutant of strain XF1425
was selected on Wilbrink’s medium sup-
plemented with rifampicin at 100 ug/ml by
the gradient plate technique (25). Strain
information and sources for X. fragariae
and nonpathogenic strains of xantho-
monads isolated from strawberry are listed
in Table 1. Additional strains tested were
ATCC type strains of X. campestris patho-
vars begoniae ATCC 11726, campestris
ATCC 33913, carotae ATCC 10547, cele-
bensis ATCC 19045, glycines ATCC
43911, incanae ATCC 49073, manihotis
ATCC 49073, musacearum ATCC 49084,
papavericola  ATCC 14179, pelargonii
ATCC 8721, phaseoli ATCC 9563, poin-
settiaecola ATCC 11643, raphani ATCC
49079, taraxaci ATCC 19318, vignicola
ATCC 11648, and vitians ATCC 19320.

Pathogenicity tests. Bacteria from
overnight cultures in nutrient broth were
centrifuged and washed three times with
sterile water. The concentration of cells
was adjusted in either 10 mM MSO,-7H,0
or sterile water to 2 x 108 CFU/ml, deter-
mined by the dilution plate method (26)
converted to a spectrometric reading of
ODgy = 0.1, and diluted to a final concen-
tration of 10° CFU/ml. Inoculum was
sprayed to runoff on cv. Sweet Charlie
strawberry plants placed under mist 24 to
48 h prior to inoculation. Inoculated plants
were maintained under mist or put into
growth chambers (Percival, Boone, 1A) at
24°C with a 12-h photoperiod. The tips of
runners from Sweet Charlie plants were
rooted under mist in sterile soil, trans-
planted to 10-cm-diameter pots, and in-
oculated 6 to 8 weeks after transplanting.
Two plants per strain were inoculated, and
inoculations were repeated twice if symp-
toms did not develop.

Sequencing and primer design. Prim-
ers RST2 and RST3 from the hrp gene

Table 1. Geographic origin, year, and source of Xanthomonas fragariae and nonpathogenic xantho-

monads used in this study

Strain designations Geographic origin Year Source
X. fragariae
1238, 1240, 1243, 1245, 1249, 1250 CA 1990 ARC?
1290, 1291, 1293, 1295, 1298 CA 1989 ARC
1425, 1428, 1426,1427, 1429, 1431 FL 1992 ARC
1514, 1516 CA 1993 ARC
1517, 1518, 1526 NC 1993 ARC
1520, 1523, 1524,1525 CA 1993 ARC
1533, 1534 WI 1993 ARC
100, 101, 103, 104, 105, 106, 107, 113, FL 1993 PDR
114,115
116, 117, 119, 124, 125, 126, 127, 138, CANADA 1993 PDR
146, 153
ATCC 33239 MN 1960 ATCC
Nonpathogenic xanthomonads isolated from strawberry plants
1142, 1225, 1226, 1226, 1239 CA 1990 ARC
109, 110, 111, 112 FL 1993 PDR

2 A.R. Chase, Apopka Research and Education Center, University of Florida, Apopka; P. D. Roberts,
this study; ATCC = American Type Culture Collection.
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cluster of X. campestris pv. vesicatoria
(12) amplified the genomic DNA of 49
strains of X. fragariae. The PCR product
from X. fragariae strain XF1425 was iso-
lated from agarose gel, cleaned by the
Promega Wizard Kit (Promega, Madison,
WI), and sequenced at the ICBR DNA
Sequencing Facility, University of Florida,
Gainesville. The nucleotide sequence was
compared to sequences of the PCR prod-
ucts amplified by the same primers from
three X. campestris pv. vesicatoria strains
representing tomato races 1, 2, and 3 using
the Seqaid II computer program (21). Four
primers were selected from the sequence of
X. fragariae based on unique DNA se-
quences and low homology compared with
the DNA sequences from X. campestris pv.
vesicatoria. The four primers synthesized
were: XF9 (5-TGGGCCATGCCGGT-
GGAACTGTGTGG-3’); XF10 (5-TGG-
AACTGTGTGGCGAGCCAG-3); XFl11
(5’-TACCCAGCCGTCGCAGACGACC-
GG-3"); and XF12 (5-TCCCAGCAAC-
CCAGATCCG-3"). Primers XF10 and
XF12 were located internal to the other
two primers. Oligonucleotide primers were
synthesized with a model 394 DNA syn-
thesizer (Applied Biosystems, Foster City,
CA) at the ICBR Facility.

PCR amplification and nested ampli-
fication. Total genomic DNA was ex-
tracted by the method described by Au-
subel et al. (1). PCR amplification was in a
DNA Thermal Controller PT-100 (MJ Re-
search, Watertown, MA). The 50-ul reac-
tion volume contained 1x amplification
buffer with MgCl, (Promega, Madison,
WI), 100 uM each dNTP (Promega, Madi-
son, WI), 50 uM each primer, 1.25 U Taq
DNA polymerase, and 100 ng of purified
genomic DNA in 3 pl of TE (10 mM Tris
and 1 mM EDTA, pH 8.0) buffer. Each
reaction was overlaid with 50 pl of steril-
ized mineral oil (Sigma Chemical Co., St.
Louis, MO) for a total volume of 100 pl in
sterile 0.6-ml microcentrifuge tubes. In
later experiments, the thermocycler was
equipped with a heated lid controller (The
Hot Bonnet, MJ Research), which elimi-
nated the need for the mineral oil overlay.
Amplification of the DNA proceeded after
template DNA was denatured at 95°C for 2
min followed by 30 amplification cycles
and a final extension step at 72°C for 5
min. For primer set XF9 and XF11, each
amplification cycle consisted of denatura-
tion at 95°C for 30 s, annealing at 65°C for
30 s, and extension at 72°C for 45 s. For
primer XF12 with either primer XF9 or
XF10, the program was identical except
that the annealing temperature was 58°C.

For nested PCR, first-round amplifica-
tion was as described for primers XF9 and
XF11. In the second round of amplifica-
tion, 3 ul of sample of the first amplifica-
tion mixture was added to primers XF9 and
XF12 and reaction components at the con-
centrations described above. In all PCR
runs, including the nested assays, a water



sample was included as a negative control.
An 8-pul PCR sample was loaded into the
wells of a 1% Seakem GTG agarose gel
(FMC BioProducts, Rockland, ME) con-
taining ethidium bromide at 0.5 pg/ml in
TAE buffer at 8 V/cm.

Restriction endonuclease analysis
(REA) of PCR products. PCR samples
with the overlay of mineral oil were
cleaned by the method of Minsavage et al.
(18). Samples without the mineral oil were
restricted directly. An 8-ul sample of the
PCR product was digested with restriction
endonuclease Sau3Al, Haelll, or Cfol
under conditions specified by the manu-
facturer (Promega). Restricted products
were separated in 4% agarose gel (3%
NuSieve, 19 SeaKem GTG, FMC Bio-
Products) containing ethidium bromide at
0.5 pg/ml in TAE buffer at 8 V/cm, as de-
scribed by Leite et al. (12). DNA molecu-
lar weight marker XI (Boehringer Mann-
heim, Indianapolis, IN) was used for
standard weight markers. Gels were photo-
graphed over a UV transilluminator with
type 55 Polaroid film.

Detection of bacteria from infected
plant tissue. The limit of detection of the
assay in the presence of plant tissue was
determined by adding 200 pl of 10-fold
dilutions of a bacterial suspension adjusted
to 10° CFU/ml to plant samples. A 9-mm-
diameter disk of plant tissue was macer-
ated with mortar and pestle in 200 pl of
phosphate buffer (pH 7.0) containing 5%
polyvinylpolypyrrolidone (PVPP) (PVP40,
Sigma) and 0.02 M sodium ascorbate
(PPA). The mixture was incubated at room
temperature for a minimum of 1 h. The
volume of plant sample and bacterial cells
was adjusted to 582 pl with TE, and DNA
extraction proceeded as described. A
minimum of three experiments with three
replicates of each treatment for each
primer set and nested reaction was per-
formed. REA was performed on the final
PCR products.

IR W 4

500 bp

Fig. 1. Agarose gel of the polymerase chain
reaction (PCR) products generated by amplifi-
cation of genomic DNA from a strain of Xan-
thomonas fragariae with the hrp-primers RST2
and RST3 (lane 1) and the XF-specific primers
XF9 paired with XF11 (lane 2) and with XF12
(lane 3), and molecular weight marker XI
(Boehringer Mannheim, Indianapolis, IN; lane
4).

Strawberry leaves with lesions either
from field infections or spray inoculation
were assayed by removing a 9-mm-di-
ameter disk of tissue surrounding a lesion
and processing as above. Tomato leaf tis-
sue was used as a negative control. For
confirmation, a sample of the ground tissue
suspension was plated on Wilbrink’s me-
dium amended with 0.05% Bravo 720
(chlorothalonil; ISK Biosciences, Mentor,
OH). Plates were incubated at 24°C, and
pale yellow, mucoid colonies appearing
after 2 to 3 days were tested by nested
PCR and REA,

Field experiments to examine survival
of bacteria on summer nursery plants.
Six-week-old rooted transplants of Sweet
Charlie were spray-inoculated with X.
fragariae strain XF1425%" 2 weeks prior to
planting. Plants with lesions of angular leaf
spot were transplanted into the field on 27
June 1995 at Gulf Coast Research and
Education Center, Dover, FL, and on 29
June 1995 at Gulf Coast Research and
Education Center, Bradenton, FL. Plants
were sampled over a 14-week period
through 27 September 1995. A set of in-
oculated plants was placed into Percival
growth chambers at a 12-h photoperiod and
24°C and maintained for the duration of
the experiment. Noninoculated, asympto-
matic plants were placed in a greenhouse
for the negative control. At 2-week inter-
vals, five plants from the field, one plant
from the growth chamber, and one plant
from the greenhouse were sampled. Two
samples of three daughter plants of the
inoculated plants were sampled 132 days
after planting from both locations.

Individual plants were assayed as fol-
lows. All the leaves from a single plant
were placed in a flask with 200 ml of
phosphate buffer containing 0.02% Tween-
20 and shaken either on a wrist action
(Burrell Corp., Pittsburgh, PA) or a rocker
platform (Bellco Biotechnology, Vineland,
NJ) shaker for 2 to 16 h. A 200-ul sample
was plated onto Wilbrink’s medium plus
rifampicin at 100 pg/ml plus 0.5% Bravo
720 and incubated at 24°C for 72 h. Bacte-
ria characteristic of X. fragariae were ex-
amined by nested PCR with the XF-spe-
cific primers followed by REA of the 458-
bp fragment. The remainder of the

phosphate buffer sample was concentrated
by vacuum filtration onto a 0.45-ym mem-
brane disk (Millipore Corp., Bedford,
MA). The disk was washed in 1.5 ml of
TE, and the suspension was centrifuged 5
min at 14,000 x g. The pellet was resus-
pended in 582 pl of TEPA (TE buffer con-
taining 5% PVP40 + 0.02 M sodium
ascorbate) and incubated at room tem-
perature for 1 h. DNA was extracted as
described.

The crown of the plant was sectioned
and macerated by mortar and pestle in 10
ml of PPA. The plant tissue debris and
PVPP were collected by centrifugation at
1,000 x g for 1 min. The supernatant with
the bacterial cells was removed to a clean
centrifuge tube and centrifuged at 14,000 x
g for 5 min. The pellet was resuspended in
582 pl of TE, and DNA extraction pro-
ceeded as described above. A sample was
plated onto Wilbrink’s agar plus rifampicin
at 100 pg/ml and 0.5% Bravo and incu-
bated at 24°C for 72 h. The nested PCR
reaction and REA were performed as de-
scribed.

RESULTS

Pathogenicity assays. All strains identi-
fied as X. fragariae caused disease symp-
toms typical of angular leaf spot on straw-
berry plants. Other xanthomonads isolated
from strawberry tissue were nonpathogenic
on strawberry plants.

Specificity of primers. For all strains of
X. fragariae, the PCR products amplified
by primers RST2 and RST3 were ap-
proximately 840 bp (Fig. 1). The REA
profile that resulted from restriction of the
PCR products with Cfol or Haelll was
identical for the 49 strains of X. fragariae
(data not shown). Genomic DNA was not
amplified by the primers from nonpatho-
genic strains of Xanthomonas isolated from
strawberry.

Primer XF9 paired with XF11 or XF12
delineated a 537-bp or 458-bp fragment,
respectively (Fig. 1). Primers XF10 and
XF12 delineated a 448-bp fragment. PCR
products were the estimated sizes based on
sequence data. All 49 strains of X. fragar-
iae were amplified with primer sets XF9
and XF11, XF9 and XF12, and XF10 and
XF12. DNA from strains other than X.

Haelll

Fig. 2. NuSieve 3:1 agarose gel showing the restriction patterns generated after digestion of the po-
lymerase chain reaction (PCR) product amplified with the primers XF9 and XF12 from the genomic
DNA of strains of Xanthomonas fragariae. The PCR product was digested by restriction endonucle-

ases Sau3Al (lanes 1 to 8) and Haelll (lanes 9 to 16).
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Jragariae was not amplified by primer XF9
paired with XF11 or XF12. Except for X.
campestris pv. pelargonii, genomic DNA
from these strains could not be amplified
with primer set XF10 and XF12. Due to
the nonspecific amplification of DNA from
X. campestris pv. pelargonii by primer
XF10 paired with XF12, primer XF10 was
not used in subsequent experiments.

REA of PCR products. PCR products
from DNA of X. fragariae amplified with
primer set XF9 and XF12 restricted with
Cfol, Sau3Al, or Haelll produced distinct
banding patterns for each enzyme (Fig. 2).
Five bands resulted from Cfol restriction
(125, 108, 90, 75, and 60 bp; data not
shown) and three bands each from the
Haelll restriction (258, 150, and 50 bp)
and Sau3Al restriction (250, 125, and 83
bp). Polymorphisms were not observed
among strains of X. fragariae in the REA

of the restricted PCR products for the en-
zymes tested.

Limit of detection of X. fragariae in
plant tissue by PCR. X. fragariae was
detected in the presence of plant tissue by
amplification with primer XF9 and either
XF11 or XF12, and by nested PCR of the
two primer sets. The limit of detection of
bacterial cells by amplification with one
round of PCR was approximately 10° to
10* CFU/ml. Nested PCR detected 1,000-
fold fewer cells (Fig. 3) and enabled de-
tection of approximately 18 cells. PCR
was used to detect bacteria directly from
infected plant tissue both from inoculated
strawberry and from plant samples col-
lected in the field. The PCR product was
generated from a single lesion on plant
material ground and processed repre-
senting a bacterial population of 10*
CFU/ml or above as determined by dilu-

XF9 and XF11 Nested XF9 and XF12

S 6L S C B RSl

8 77615k g s S SR 2]

Log CFU/ ml

Fig. 3. Agarose gel showing the number of cells detected by polymerase chain reaction (PCR) and
nested PCR in the presence of plant tissue. The genomic DNA of Xanthomonas fragariae was ex-
tracted and amplified by primers XF9 and XF11 and used in a second round of nested amplification

with primers XF9 and XF12.

tion plating. A single-round PCR was
sufficient to detect bacteria from a lesion,
In all experiments, identification of X.
Jfragariae was confirmed by REA of PCR
products.

Detection of bacteria on plants in field
experiments. All plants exhibited visible
symptoms of angular leaf spot at planting.
However, by 34 days after planting,
symptoms of angular leaf spot were not
visible (Table 2). Bacteria were recovered
on WB supplemented with rifampicin and
Bravo 720, and colonies of X. fragariae
were identified by morphology, resistance
to rifampicin, DNA amplification by the
XF-specific primers, and REA. Bacteria
were recovered on medium with antibiotic
from a few samples throughout the ex-
periment, including the final date, indicat-
ing that bacteria were viable on plants
throughout the summer.

X. fragariae was detected from leaf
samples by nested PCR on each sample
date. The percentage of leaf samples that
were positive by the nested PCR assay
ranged from 20 to 100% for the sample
dates. From the leaves, all samples were
initially positive, but by 51 days after
planting, the number of positive samples
declined to 20%. By 92 days after planting,
all samples were again positive. A single
round of amplification was occasionally
sufficient to identify positive samples.
Bacteria from the crowns of plants were
detected by PCR amplification on all sam-
ple dates except one. REA analysis of the
PCR products confirmed banding patterns
of X. fragarige. Plants inoculated and
placed in the growth chamber at the favor-
able temperatures for disease development
were positive at each sampling date except
one. Noninoculated plants from the green-
house were positive by this technique in
approximately 20% of the samples.

Table 2. Percentage of strawberry plants with Xanthomonas fragariae detected by polymerase chain reaction (PCR) and a recovery onto medium in sum-
mer nurseries from June through September at two locations in Florida

Leaves Crown

Location DAP* NonI® Inoc® XF9119  Nested® Medium' Symptoms Nonl Inoc XF911 Nested Medium

Dover 0 - + 60 100 TC + + 20 40 TC
11 - + 0 40 TC + + 0 40 TC
31 - + 0 20 0 + + 0 40 0
40 + 0 20 NS - + 0 0 NS
66 - - 0 60 0 - + 0 40 0
85 - + 20 100 60 - + 20 100 20
92 - + 40 100 40 - + 0 80 40

Bradenton 0 - + 60 100 TC + + 0 40 TC
20 - + 20 20 20 + + 0 60 0
34 + + 0 20 NS - + 0 40 NS
40 - + 0 20 20 - + 0 100 20
54 - + 0 40 0 - + 0 40 0
68 + + 20 100 60 - + 20 80 20
82 - + 20 80 40 - + 20 80 40

* Days after planting.

® Negative control of noninoculated plants in greenhouse: — = negative by PCR amplification, + = positive by PCR amplification.

¢ Inoculated strawberry plants in growth chamber at 22°C: — = negative by PCR amplification, + = positive by PCR amplification.

4 Percentage of samples amplified by first round PCR with primer set XF9 and XF11.

¢ Percentage of samples amplified by nested PCR with primers XF9 and XF12.

f Wilbrink’s medium plus rifampicin at 100 mg/ml and 0.05% Bravo; TC = too contaminated to distinguish individual colonies; NS = not assayed; 0 to
100 = percentage of plates with colonies of X. fragariae.
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DISCUSSION

Leite et al. (12) used the sequence
variation within the hrpB operon among
plant-pathogenic xanthomonads to select
primers with different specificities, and
this approach was successful in our studies
to identify primers specific to X. fragariae.
The hrp-primers RST2 and RST3 ampli-
fied DNA with identical restriction patterns
from all strains of X. fragariae. The ho-
mology within this amplified region pre-
sented a site to select primers universal to
X. fragariae. Primers XF9, XF11, and
XF12 were specific for amplification of
DNA only from strains of X. fragariae.
The primer XF10 was responsible for the
nonspecific amplification of a strain of X.
campestris pv. pelargonii in preliminary
tests and therefore was not included in later
experiments.

The level of detection techniques for
specific bacteria (20,23) is comparable to
the level achieved with a single round of
PCR amplification. PCR was reported to
be more sensitive than ELISA (11), and
with our primers, a single round of PCR is
10 times more sensitive than the ELISA for
X. fragariae developed by Rowhani et al.
(22). In addition, their antibodies cross-
reacted to another xanthomonad, while we
were able to eliminate the nonspecific re-
action by discontinuing the use of primer
XF10. The X. fragariae primers were suit-
able for use in the nested technique, and
the limit of detection of the PCR reaction
decreased by 1,000-fold. This level of de-
tection was achieved in assays to detect the
bacteria in the presence of plant tissue and
is well below the number of cells needed to
cause visible lesions. Therefore, the nested
technique is applicable to detecting bacte-
ria associated with asymptomatic tissue.

Cross-contamination among samples
and PCR reagents is a problem associated
with the nested technique (17). We experi-
enced false positives in some initial ex-
periments and finally determined that the
mineral oil was contaminated. Although
we eliminated the need for mineral oil
overlay by using a hot bonnet, extreme
care is needed to avoid contamination and
subsequent false positives. In our experi-
ments, negative control samples were al-
ways included for each amplification round
of the nested assay to check for aerosol or
reagent contamination. In the field experi-
ments, a problem encountered with the
nested technique was amplification of
bacterial DNA from the negative control
plants. Although these plants were physi-
cally isolated from a contamination source
during the experiments, they were initially
obtained from fields at GCREC-Dover,
where plants infected with angular leaf
spot were located, and the plants may have
been infested with the bacterium. Cross-
contamination of samples may have oc-
curred during preparation of plant samples
from handling infected material or using
nonsterile instruments. Aerosols may also

have been a source of contamination of
PCRs (7). However, system contamination
should be detected by amplification in the
negative controls. Negative controls from
every PCR run were consistently negative;
therefore, contamination of PCR reagents
or aerosols was unlikely.

Confirmation that the PCR product is
from amplification of the target DNA is
possible by REA. The REA was used to
identify PCR products amplified by the
hrp-primers from cells of X. campestris pv.
vesicatoria added to seed washing of to-
mato and pepper (11). Similarly, we ap-
plied REA to identify PCR products ampli-
fied by the XF-primers. The profiles of the
restricted PCR products were distinct for
each enzyme. The profiles from REA
should be different for unrelated organ-
isms, since it is highly unlikely that the
same restriction sites would exist for two
heterologous pieces of DNA (11).

The nested PCR technique was useful to
detect bacteria on strawberry plants in
nurseries in Florida. Symptoms and recov-
ery of the rifampicin-marked strain on the
medium were not useful to identify bacte-
ria when populations were extremely low.
However, recovery of the rifampicin-
marked strain from some samples indicated
that the bacteria were viable throughout the
summer. Visible symptoms on plants dis-
appeared soon after plants were placed in
the field, and recovery of bacteria on me-
dia was difficult due to the slow-growing
nature of X. fragariae and overgrowth by
contaminants. While bacterial populations
were not enumerated, the levels were de-
duced to be less than 10> CFU/ml, since
bacteria were detected in the nested PCR
but not by a single round of amplification.
This level of detection would be useful to
screen asymptomatic nursery plants to
detect plants contaminated with X. fragar-
iae, a concern of nursery-plant producers
and regulatory agencies of plant shipment
(16).

The field studies have implications re-
garding the disease cycle of angular leaf
spot in Florida. The decline and subsequent
increase in the number of positive samples
through the summer indicates that popula-
tions of the bacteria declined throughout
the summer and increased when more fa-
vorable conditions, especially cooler
weather, occurred. The bacterial popula-
tions did not completely die. Therefore, to
eliminate disease, the production of plants
in nurseries in Florida must begin with
plants free of the bacterium.

Researchers reported the systemic
movement of X. fragariae in plants (5). In
our research, inoculation of strawberry
plants resulted in survival of bacteria on
leaves and crown for extended periods
under conditions not optimum for growth
of the bacteria. In addition, bacteria were
detected by PCR technique on daughter
plants in the field. Dissemination to the
daughter plants could have been due to

either systemic movement through the
vascular system of the runner or dispersal
of bacterium by mechanical means.

LITERATURE CITED

1. Ausubel, F. M., Brent, R., Kingston, R. E,,
Moore, D. D., Seidman, J. G., Smith, J. A,,
and Struhl, K. 1994. Pages 2.4.2 in: Current
Protocols in Molecular Biology. John Wiley
& Sons, New York.

2. Dye, D. W.,, and Wilkie, J. P. 1973. Angular
leafspot of strawberry in New Zealand. N.Z. J.
Agric. Res. 16:311-314.

3. Epstein, A. H. 1966. Angular leaf spot of
strawberry. Plant Dis. Rep. 50:167.

4. Henson, J. M., and French, R. 1993. The
polymerase chain reaction and plant disease
diagnosis. Annu. Rev. Phytopathol. 31:81-
109.

5. Hildebrand, D. C., Schroth, M. N., and Wil-
helm, S. 1967. Systemic invasion of straw-
berry by Xanthomonas fragariae causing vas-
cular collapse. Phytopathology 57:1260-1261.

6. Howard, C. M. 1971. Occurrence of straw-
berry angular leaf spot, Xanthomonas fra-
gariae, in Florida. Plant Dis. Rep. 55:142.

7. Innis, M. A,, Gelfand, D. H., Sninsky, J. J.,
and White, T. J., eds. 1990. PCR Protocols: A
Guide to Methods and Applications. Aca-
demic Press, San Diego, CA. pp. 450-451.

8. Kennedy, B. W., and King, T. H. 1962. Angu-
lar leaf spot of strawberry caused by Xantho-
monas fragarie sp. nov. Phytopathology
52:873-875.

9. Kennedy, B. W., and King, T. H. 1962. Stud-
ies on epidemiology of bacterial angular leaf
spot on strawberry. Plant Dis. Rep. 46:360-
363.

10. Koike, H. 1965. The aluminum-cap method
for testing sugarcane varieties against leaf
scald disease. Phytopathology 55:317-319.

11. Leite, R. P, Jr, Jones, J. B., Somodi, G. C.,
Minsavage, G. V., and Stall, R. E. 1995. De-
tection of Xanth § C tris pv. vesi-
catoria associated with pepper and tomato
seed by DNA amplification. Plant Dis.
79:917-922.

12. Leite, R. P, Jr., Minsavage, G. V., Bonas, U.,
and Stall, R. E. 1994. Detection and identifi-
cation of phytopathogenic Xanthomonas
strains by amplification of DNA sequences
related to the hrp genes of Xanthomonas
campestris pv. vesicatoria. Appl. Environ.
Microbiol. 60:1068-1077.

13. Lindgren, P. B., Peet, R. C., and Panopoulos,
N. J. 1986. Gene cluster of Pseudomonas sy-
ringae pv. “phaseolicola” control patho-
genicity of bean plants and hypersensitivity
on nonhost plants. J. Bacteriol. 168:512-522.

14. Louws, F. J., Fulbright, D. W., Stephens, C.
T., and Bruijn, E J. 1994. Specific genomic
fingerprints of phytopathogenic Xanthomonas
and Pseudomonas pathovars and strains gen-
erated with repetitive sequences and PCR.
Appl. Environ. Microbiol. 60:2286-2295.

15. Maas, J. L., ed. 1984. Angular leaf spot.
Pages 41-42 in: Compendium of Strawberry
Diseases. American Phytopathological So-
ciety, St. Paul, MN.

16. Maas, J. L., Pooler, M. R., and Galletta, G. J.
1995. Bacterial angular leafspot disease of
strawberry: Present status and prospects for
control. Adv. Strawberry Res. 14:18-24.

17. McManus, P. S., and Jones, A. L. 1995. De-
tection of Erwinia amylovora by nested PCR
and PCR-dot-blot and reverse-blot hybridiza-
tions. Phytopathology 85:618-623.

18. Minsavage, G. V., Thompson, C. M., Hop-
kins, D. L., Leite, R. M. V. B. C,, and Stall, R.
E. 1994. Development of a polymerase chain
reaction protocol for detection of Xylella fas-
tidiosa in plant tissue. Phytopathology
84:456-461.

Plant Disease / November 1996 1287



20.

21.

22.

. Panagopoulos, C. G., Psallidas, P. G., and

Alivizatos, A. S. 1978. A bacterial leafspot of
strawberry in Greece caused by Xanthomonas
Jfragariae. Phytopathol. Z. 91:33-38.

Pickup, R. W. 1991. Development of mo-
lecular methods for the detection of specific
bacteria in the environment. J. Gen. Micro-
biol. 137:1009-1019.

Rhoads, D. D., and Roufa, D. J. 1991. Seqaid
II Computer Program. Molecular Genetics
Lab, Kansas State University, Manhattan.
Rowhani, A., Feliciano, A. J., Lips, T., and

1288 Plant Disease / Vol. 80 No. 11

23.

24.

Gubler, W. D. 1994. Rapid identification of
Xanthomonas fragariae in infected strawberry
leaves by enzyme-linked immunosorbent as-
say. Plant Dis. 78:248-250.

Schaad, N. W., Cheong, S. S., Tamaki, S.,
Hatziloukas, E., and Panopoulos, N. J. 1993.
A viable cell enrichment, two-step, direct
PCR technique for detection of Pseudomonas
syringae pv. phaseolicola in bean seeds.
(Abstr.) Phytopathology 83:1342.

Stall, R. E., and Minsavage, G. V. 1990. The
use of hrp genes to identify opportunistic

25.

26.

27.

xanthomonads. Pages 369-374 in: Proc. 7th
Int. Conf. Plant Pathol. Bacteria 1989. Z.
Klement, ed. Akadémiai Kiad6, Budapest.
Szybalski, W. 1952. Microbial Selection. 1.
Gradient plate technique for study of bacterial
resistance. Science 116:46-48.

Taylor, J. 1962. The estimation of numbers of
bacteria by ten-fold dilution series. J. Appl.
Bacteriol. 25:54-61.

Willis, D. K., Rich, J. J,, and Estelle, M. H.
1991. hrp genes of phytopathogenic bacteria.
Mol. Plant-Microbe Interact. 4:132-138.



