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ABSTRACT

Cubero, J., and Graham, J. H. 2005. Quantitative real-time polymerase
chain reaction for bacterial enumeration and allelic discrimination to
differentiate Xanthomonas strains on citrus. Phytopathology 95:1333-
1340.

Quantitative real-time polymerase chain reaction (QRT-PCR) was
developed for identification and enumeration of bacteria in citrus plant
samples infected with Xanthomonas axonopodis pvs. citri and citrumelo,
the cause of citrus bacterial canker (CBC) and citrus bacterial spot (CBS),
respectively. Three sets of primers based on the pathogenicity gene (pth)
in X. axonopodis pv. citri, a ribosomal gene in X. axonopodis pv. citru-
melo, and the leucine-responsive regulatory protein (Irp) in both patho-
vars were combined with TagMan probes and applied for specific strain
detection and quantification. Calibration curves for bacterial abundancein

plant samples obtained with the three primer—probe combinations were
congruent with colony counts on plates of semiselective medium in most
of the cases. However, apparent overestimation of bacterial cells by QRT-
PCR indicated the presence of nonculturable or nonviable cells in some
samples. In addition to quantification, the Irp primers and probes per-
mitted differentiation by allelic discrimination of Xanthomonas strains
infecting citrus tissues. This technique is based on the utilization of two
probes that detect a single nucleotide difference in the target sequence
between different strains and was validated with a collection of cultured
Xanthomonas strains as well as tissue with CBC and CBS lesions. Allelic
discrimination is demonstrated to be a more specific and sensitive proto-
col than previously developed PCR-based methods for strain identifica-
tion and quantification.

Two bacterial diseases, citrus bacterial canker (CBC) and citrus
bacterial spot (CBS), caused by three Xanthomonas pathovars are
currently affecting citrus in Florida and other subtropical areas
(3,11,14-16,36). CBC is caused by Xanthomonas axonopodis pv.
citri that produces type A citrus canker, and by X. axonopodis pv.
aurantifolii that causes types B and C citrus canker (36). CBS is
caused by a diverse group of strains classified as X. axonopodis
pv. citrumelo (15). Although both CBC and CBS are caused by
pathovars of X. axonopodis, the diseases and bacterial strains are
clearly different (16). CBC is a serious disease that produces
erumpent, corky lesions on leaves, stems, and fruit; CBS produces
flat, necrotic spots on leaves of nursery treesin Florida (16). CBC
is a particular threat for citrus areas because international quaran-
tine regulations disrupt the trade of fresh citrus fruit (16,36),
whereas CBS no longer is regulated (16). Pathovars citri and
citrumelo, as well as pathovar aurantifolii, can be differentiated
using molecular and host range analyses (4,6,10,15). Recently,
two subtypes of CBC, A* and AY, were recognized as distinct
from the A type (37,38,41). Both subtypes have narrow host
ranges that so far include Mexican or Key Lime (Citrus auranti-
folia) and Alemow (C. macrophylla). The A* strain from South-
west Asiaand the A% strain, which has been described from avery
restricted area on the east coast of Florida, are closely related and
show only minor genetic differences from the A strain, which has
awide host range (4). Both A" and A* coincide with the typical A
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strain in those areas (16,31,37,38). Discrimination of Xantho-
monas strains responsible for a specific outbreak is a fundamental
issue in the eradication of CBC because an outbreak of restricted
host range A" or A* strains involves eradication of only the few
susceptible citrus species, whereas detection of the A strain means
that all citrus hostsin the surrounding area must be removed (38).
Recent advances in diagnosis of CBC have been made through
the application of polymerase chain reaction (PCR) protocols and
primers designed for more specific and accurate bacterial identi-
fication and detection (4,7,18,19,27,30). This includes devel op-
ment of a PCR quantification method based on the use of a mimic
plasmid in a competitive PCR reaction (quantitative competitive
[QC]-PCR) to enumerate X. axonopodis pv. citri bacteriain citrus
tissues (7). In addition to the use of agarose gels and accurate
imaging systems, a unique plasmid construction is necessary for
each of the primer sets utilized, which reduces QC-PCR applica
bility (7). Quantitative real-time (QRT)-PCR overcomes these
limitations by using the point in time when amplification of the
target is first detected to estimate bacterial concentration (9,28).
RT-PCR is a detection system that measures fluorescence in the
PCR reaction after each cycle (9,12,21,28). Fluorescence can be
generated by nonspecific dyes such as SYBR green that binds to
double-stranded DNA or by fluorogenic probes (9,12,24,33). With
fluorogenic probes, TagMan technology exploits the 5—3
nuclease activity of Tag polymerase. During amplification, a
specific DNA probe conjugated with a reporter and a quencher
dye hybridizes with the target sequence and is degraded by Taq
polymerase. After degradation, reporter and quencher are sepa-
rated, resulting in emission of a fluorescent signal of which the
accumulation is monitored during the consecutive PCR cycles.
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The cycle at which the fluorescent signal exceeds a certain back-
ground fluorescence level, referred to as the threshold cycle (Ct),
isdirectly proportional to the amount of the target DNA present in
the sample (12).

The initial step was to develop QRT-PCR-based methods for
quantifying X. axonopodis pvs. citri and citrumelo, the latter
being of importance for studies on survival and epidemiology as a
model for CBC without quarantine limitations. In addition, PCR
products generated by the leucine-responsive regulatory protein
(Irp) primers were tested not only for bacterial detection and
quantification but also for identification of Xanthomonas strains
using allelic discrimination with TagMan minor groove binder
(MGB) probes (1,23), where the difference in fluorescence from
the respective probe before and after the RT-PCR run identifies
the presence of each strain. Quantification and strain discrimi-
nation are then possible by the use of a single RT-PCR reaction,
followed by abrief post-PCR step to discriminate the aleles.

MATERIALSAND METHODS

Bacterial strains and DNA isolation. Nineteen Xanthomonas
strains were used in this study (Table 1). Strains were grown on
nutrient agar plates for 48 h and bacterial cells were scraped from
the plates and suspended in water. All CBC-producing Xantho-
monas suspensions were heated to kill the bacteria to comply with
quarantine regulations. DNA was extracted from bacterial cells
with a single phenol-chloroform-isoamyl-alcohol step, precipi-
tated in ethanol, resuspended in ultrapure water, and stored at
—20°C (35).

Plant DNA extraction. DNA from plant material was extracted
using a protocol previously described (7,8). Samples were com-
minuted with a sterile scalpel in sterile water at a proportion of
10 mg of plant tissue per 1 ml of sterile water. They were centri-

TABLE 1. Strains of Xanthomonas axonopodis pvs. citri and citrumelo used
to evaduate quantitative real-time polymerase chain reaction and alelic
discrimination protocols®

Taxon, CBC type Strain Origin

X. axonopodis pv. citrumelo
CBS X100-190, X01-42, X00-139, F1 Florida
X. axonopodis pv. citri
X00-1296, X01-1048, X01-31,

MI, MA Florida
A JK20.3 Thailand
A J3223-2 Philippines
A X63 Japan
A* X205 Oman
A* X406 Iran
A* X322 Saudi Arabia
AW X03-1004, X0058, X01-32 Florida

a CBC = citrus bacterial canker; CBS = citrus bacterial spot strain.

fuged at 13,000 rpm for 10 min and pellets resuspended in
extraction buffer (200 mM TrissHCI, pH 7.5; 250 mM NaCl;
25 M EDTA; 0.4% sodium dodecyl sulfate; 2% polyvinyl pyr-
rolidone [MW 10,000]) and shaken for 1 h at room temperature.
After centrifugation for 1 min at 13,000 rpm, supernatant was
mixed with an equal volume of isopropanol, sodium acetate, and
Pellet Paint Coprecipitant as described by the manufacturer
(Novagen, Darmstadt, Germany) (40). After a 1-h precipitation,
washes with ethanol at 95 and 75% were performed. Precipitates
were dried, resuspended in sterile ultrapure water, and stored at
—20°C until further use.

Primer and probe design and RT-PCR conditions. Oligo-
nucleotide primers and probes were designed using ABI PRISM
Primer Express software (version 2.0; Applied Biosystems, Foster
City, CA) (Table 2). A set of primers (J-pth3 and J-pth4) and the
corresponding TagMan probe (J-Tagpth2) labeled at the 5 end
with 6-carboxyfluorescein (FAM) and at the 3' end with tetra-
methylrhodamine were designed based on sequences of the pth
gene, a major virulence gene (2,39,43) used in other works
specifically to detect CBC strains (4,30). Another set of primers
(J-RTRib16Sup and J-RTRib16SdownXC2) and TagMan probe (J-
Taql6S-1) labeled as above were made based on the ribosomal
DNA of X. axonopodis pv. citrumelo. Sequences were selected in
a region specific for this bacterium assessed in a previous work
(4). Finally, a set of primers (J-ADIrpUl and J-AD1IrpU2) was
designed based on the sequence of the Irp gene. This gene aso
has been studied extensively in a preceding work on a broad
collection of Xanthomonas species, including severa CBS and
different types of CBC strains (6). One of the sequence differ-
ences in the Irp gene between strains A and A*/A" is a single
nucleotide (A/G) in position 417 (accession no. AY 227405 and
AY227411) (6); therefore, two FAM and VIC MGB probes were
designed based on this dissimilarity (Table 2). TagMan MGB
probes labeled with FAM (J-Alrpallelicl) and with the fluores-
cent dye VIC (J-Awirpallelicl; PE Biosystems, Weiterstadt, Ger-
many) were designed to hybridize with canker strains of type A
and restricted host range strainsA* and A%, respectively.

QRT-PCRs were carried out by adding 5 Wl of the template
DNA to a reaction mixture containing 12.5 pl of 2x PCR univer-
sal master mix (Applied Biosystems), 1 4l of 10 pM forward
primer (J-RTpth3, J-RTRib16Sup, or J-ADIrpU1), 1 ul of 10 uyM
reverse primer (J-RTpth4, J-RTRib16SdownXC2, or J-AD1lrpU2),
and 0.5 Yl of 10 uM TagMan probe (J-Tagpth2 or J-Tagl6S-1) in
a final reaction volume of 25 pl. Where alelic discrimination
was performed, 0.5 Y of each 10-uM TagMan MGB probe
(J-Alrpallelicl and J-Awlrpallelicl) was added.

QRT-PCR reactions were completed in an ABI PRISM 7000
Sequence Detection System (Applied Biosystems). Amplification
conditions for all the primers and probes consisted of an initial
activation step of 10 min at 95°C followed by 40 cycles of 15 s at
95°C and 1 min at 60°C.

TABLE 2. Primers and probes used in quantitative real-time polymerase chain reaction and allelic discrimination reactions

Primers Sequence (5—3) Target?

J-RTpth3 ACCGTCCCCTACTTCAACTCAA pth gene, universal for citrus bacterial canker strains

J-RTpth4 CGCACCTCGAACGATTGC

J-RTRib16Sup GTGACGTAGCGAGCGTTTGA Ribosomal sequence, specific for Xanthomonas axonopodis pv. citrumelo
J-RTRib16SdownXC2 CCAAGTTGCCTCAGGGTCATA

J-ADIrpU1l GCGTCCTACCGCAAGTTGC Irp gene, universal in Xanthomonas spp.

J-AD1lrpuU2 CCTTGACCTCTTCCATCACGAT

Probes

J-Tagpth2P fam-ATGCGCCCAGCCCAACGC-tamra pth gene, universal for citrus bacterial canker strains

J-Tag16S-1P fam-AGCCACCAACGCGAACATAGACTCA-tamra Ribosomal sequence, specific for X. axonopodis pv. citrumelo
J-Alrpallelic1® fam-AGCTCTTGGATTCAC-mgbnfqg Irp gene, specific for wide host range strains of X. axonopodis pv. citri

J-Awlrpallelicl® Vic-AGCTCTTGGACTCAC-mgbnfq

Irp gene, specific for restricted host range strains of X. axonopodis pv. citri

a pth = Pathogenicity gene, Irp = leucine-responsive regulatory protein.
b TagMan probes.
¢ TagMan minor groove binder probes.
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QRT-PCR standard curves. To obtain standard curves for
QRT-PCR that relate bacterial concentration to a Ct, suspensions
of the MI strain of X. axonopodis pv. citri and the F1 strain of
X. axonopodis pv. citrumelo grown overnight in nutrient broth
were added to ground grapefruit leaves free of any disease symp-
toms. Plant extracts were prepared by comminuting 10 mg of |eaf
tissue per 1 ml of sterile water, and adjusted to 10-fold bacteria
concentrations in a range of 1 to 10° CFU/ml. DNA extractions
were performed as described above for plant material. Serial dilu-
tions of plant extracts amended with X. axonopodis pvs. citri or
citrumelo aso were plated on medium amended with kasuga
mycin, cephalexin, and Bravo (KCB) (15). After 72 h, colonies
were counted to confirm the initial concentrations of bacteria.
Each sample used to calculate the standard curve was amplified
twice and, to control the consistency of the DNA recovery from
leaves, two independent bacterial dilutions series were used for
the pth primers standard curve. No significant differences be-
tween extractions were found; therefore, just one extraction series
was used for the ribosomal and Irp standard curves.

Allelic discrimination. Allelic discrimination was performed
on PCR products. After PCR amplification using the Irp set of
primers and probes, the AR (change in fluorescence) for each dye
was measured and an x-y scatterplot used to identify the specific
genotypes based on their location on the graph. QRT-PCR reac-
tion and post-PCR analysis were carried out in an ABlI PRISM
7000 Sequence Detection System (Applied Biosystems). Allelic
discrimination was performed using PCR products obtained after
amplification of pure bacteria cultures as well as amplification
from infected plant material.

Plant samples analyzed. DNA from eight samples of arti-
ficialy and naturally infected plants (Table 3) was extracted and
amplified by QRT-PCR as described above. Artificialy infected
plants were inoculated by pressure infiltration with a syringe
without needle and analyzed after 2 months when symptoms were
shown. Ribosomal and pth primers and probes were used for
detection of CBS and CBC, respectively. In both cases, DNA also
was amplified with Irp primers using the probes for alelic dis-
crimination to check the fluorescence in QRT-PCR. Each sample
was amplified twice and results presented as an average.

Statistical analysis. All statistic analyses were performed
using Statgraphics Plus for Windows 4.1 (Statistical Graphics,
Rockville, MD). Linear regression analysis was performed to
calculate equations for calibration curves that relate bacterial con-
centration and Ct. A comparison between calibration curves ob-
tained from the two independent bacterial dilution series used to
test the pth primer—probe combination was performed. Data from
the plant samples were subjected to analysis of variance and the
means separated by Student-Newman-Keuls multiple range test.

RESULTS

Calibration curves. The calibration curve obtained using
primers and a TagMan probe based on the pth gene to detect and

TABLE 3. Plant material used in quantitative real-time polymerase chain
reaction and allelic discrimination

Sample Plant Strain inocul ated
N2 Grapefruit F12

N3 Grapefruit F1

o1 Grapefruit F1

02 Grapefruit F1

Bl Sweet orange MmP

Z1 Sweset orange Ml

F15 Sweet orange NAC

F19 Mexican-lime NA

a Xanthomonas axonopodis pv. citrumelo.
b X. axonopodis pv. citri.
¢ Not applicable: naturally infected sample.

quantify X. axonopodis pv. citri is shown in Figure 1. Threshold
fluorescence was set at 0.2 and the baseline was selected from
cycle 1 to 13 because exponential amplification from sample
107 bacteria/ml was first detected at approximately cycle 15.
Plotting the cycle number versus the log-concentration of the bac-
teria gave a straight-line regression plot with a correlation co-
efficient of r = —-0.993. Data from two independent bacteria
dilution series were used to calculate the calibration curve. When
the two series were compared, the two regression lines did not
differ statistically (P < 0.0001, adjusted R? = 0.9847). Amplifi-
cation efficiency (10V9°9) (34) for the pth primer—probe combi-
nation was 2, which indicated that 1 to 107 bacteria/ml could be
detected and quantified accurately. Therefore, on leaf tissue the
sensitivity was 0.1 bacteria/mg of tissue.

The calibration curve obtained using primers and a TagMan
probe based on a ribosomal sequence to detect X. axonopodis pv.
citrumelo is shown in Figure 2. Threshold fluorescence was set at
0.4 and the baseline from cycle 1 to 16. The regression had a
correlation coefficient of r = —0.998 and amplification efficiency
of 1.98.

Calibration curves obtained using primers and TagMan for the
Irp gene and FAM as the fluorescent marker to detect and
quantify X. axonopodis pvs. citri and citrumelo are shown in
Figure 3A and B, respectively. Threshold fluorescence was set at
0.2 and baseline from cycle 1 to 15. Correlation coefficients for
the calibration curves were r = —0.990 and —0.999 for pvs. citri

40 1
35 If“*—-.‘__

30 . I
25 =t
20 .y

Ct

y = 40.35-3.17x e
15 R‘=0.99
10
5
0

2 3 4 5 6 7
Log (bacteria/ml)

Fig. 1. Calibration curve of log-bacterial concentration (strain M| of Xantho-
monas axonopoadis pv. citri) versus threshold cycle (Ct) after real-time poly-
merase chain reaction using primers and TagMan probe for a pth sequence.
Baseline from cycle 1 to 13 and threshold fluorescence of 0.2 were selected.
Also shown isthe linear regression equation with its R2.
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Fig. 2. Calibration curve of log-bacterial concentration (strain F1 of Xantho-
monas axonopodis pv. citrumelo) versus threshold cycle (Ct) after real-time
polymerase chain reaction using primers and TagMan probe for a ribosomal
sequence. Baseline from cycle 1 to 16 and threshold fluorescence of 0.4 were
selected. Also shown is the linear regression equation with its R2.
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and citrumelo, respectively, and both amplification efficiencies
equaled to 2.

The calibration curves obtained using primers and the TagMan
MGB probe for the Irp gene with VIC as the fluorescent marker
to detect and quantify X. axonopodis pvs. citri and citrumelo are
shown in Figure 4A and B, respectively. Threshold fluorescence
was set at 0.2 and baseline from cycle 1 to 15. Correlation co-
efficients for the calibration curves were r = —0.998 and —0.994
for pvs. citri and citrumelo, respectively, and the amplification
efficiencies were 1.87 and 1.88.

Estimation of bacterial abundance in plant samples. Two
leaf samples of inoculated sweet orange (B1 and Z1) (Table 3)
were analyzed to detect and quantify X. axonopodis pv. citri
using three primer—probe combinations (Fig. 5). In sample B1,
bacterial abundances (10mean + standard devialion) of 1077 * 0.0’ 1075+ 0.1,
and 1075 * %1 pacteria/ml were estimated by QRT-PCR using the
pth primers and probe, and the Irp primers using FAM and VIC as
fluorescent markers, respectively. By colony counts, bacteria
abundance was estimated as 1074 * 8 pacteria/ml. No significant
differences were shown among any of the detection methods used
(P < 0.8762). However, significant differences were observed
between colony counts and each of the QRT-PCR methods used
in sample Z1 (P < 0.0001). Bacterial abundances of 107° * 99,
1077 %91 and 1077 * °1 pacteria/ml were estimated by QRT-PCR
with pth primer—probe and Irp primers using FAM or VIC as
fluorescent markers, respectively, whereas 10%4 * °1 pacteria/mi
was estimated by colony counts.
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Analogous results were obtained for CBS samples using
primers and probes from the ribosomal and Irp regions (Fig. 6).
Four leaf samples of grapefruit (N2, N3, O1, and O2) (Table 3)
were analyzed and, in N2 and N3, significant differences in
bacterial enumeration were obtained between QRT-PCR and plate
counts (P < 0.0069 and 0.0002 for N2 and N3, respectively).
Bacterial abundance in sample N3 was estimated to be between
1075 and 1078 bacteria/ml by QRT-PCR and 1065 * °2 pacteria/ml
by colony counts. Similar results were obtained in sample N2,
although here differences were lower: 1074 to 107° bacteria/ml by
QRT-PCR and 107°* %3 pacteria/ml by colony counts. In samples
01 and O2, no significant differences were found between the
detection methods used (P < 0.0699 and 0.2451 for O1 and O2,
respectively). A range of 107 to 10”® bacteria/ml was detected in
01 and arange from 1058 to 10”2 bacteria/ml in O2.

Allelic discrimination. Three clusters of points corresponding
to X. axonopodis pv. citri type A and type A*/A" and X. axono-
podis pv. citrumelo are shown in the graphic reporting the
fluorescence due to each dye (Fig. 7). Where most of the fluores-
cence in a sample was from FAM, the bacterium was expected to
be of a common A strain. Where most of the fluorescence was
from VIC, the bacterium was considered to be of a limited host
range strain, A* or A". Where relatively poor fluorescence came
from both dyes, the bacteria was considered to be X. axonopodis
pv. citrumelo. All the strains were included in the correspond-
ing group according to strains characteristics described else-
where (4).
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Fig. 3. Cdlibration curves of log-bacterial concentration of Xanthomonas
axonopodis pvs. A, citri (strain MI) and B, citrumelo (strain F1) versus
threshold cycle (Ct) after real-time polymerase chain reaction using primers
and TagMan minor groove binder probe for a leucine-responsive regulatory
protein sequence measuring FAM fluorescence. Baseline from cycle 1 to 15
and threshold fluorescence of 0.2 were selected. Also shown is the linear
regression equation with its R2.
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Fig. 4. Cdlibration curve of log-bacterial concentration of Xanthomonas
axonopodis pvs. A, citri (strain MI) and B, citrumelo (strain F1) versus
threshold cycle (Ct) after real-time polymerase chain reaction using primers
and TagMan minor groove binder probe for a leucine-responsive regulatory
protein sequence measuring VIC fluorescence. Basdline from cycle 1 to 15
and threshold fluorescence of 0.2 were selected. Also shown is the linear
regression equation with its R2.
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Genotyping by the al€lic discrimination method described also
was possible with DNA isolated from plant material, as shown in
Figure 8. Again, three groups of points were differentiated in the
scatter plot (Fig. 8). These three groups corresponded with the
three groups of Xanthomonas strains tested. Each group
represented the analysis of DNA from a pure bacterial culture and
DNA from an infected plant. O1, a CBS-infected plant sample,
appeared on the plot close to X00-139, an X. axonopodis pv.
citrumelo strain; F15, a CBC-A-infected plant sample, was next
to JK20.3, an X. axonopodis pv. citri type A strain; and F19, a
CBC-A%-infected plant sample, was close to X0058, a strain of
X. axonopodis pv. citri type A",
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Fig. 5. Xanthomonas axonopodis pv. citri quantification on inoculated plant
material described in Table 3. Methods used for quantification were colony
counts on a semiselective medium (plates) and real-time polymerase chain
reaction (PCR) using primer and probe for the pathogenicity (pth) gene (PCR-
pth) and leucine-responsive regulatory protein (Irp) primers using FAM
(PCR-IrpF) or VIC (PCR-IrpV) as the fluorescent marker. The graph shows
the average of two replicates for each treatment with the standard devia-
tion (error bars) for quantitative rea-time PCR reactions and six repli-
cates for plate counting. Means with the same letter within a sample do not
differ significantly according to the Student-Newman-Keuls multiple range
test (P < 0.05).
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Fig. 6. Xanthomonas axonopodis pv. citrumelo quantification on inoculated
plant material described in Table 3. Methods used for quantification were
colony counts on a semiselective medium (plates) and real-time polymerase
chain reaction (PCR) using ribosoma primers and probe (PCR-Rib) and
leucine-responsive regulatory protein (Irp) primers using FAM (PCR-IrpF)
or VIC (PCR-IrpV) as the fluorescent marker. The graph shows the average
for two replicates for each treatment with the standard deviation (error
bars) for quantitative real-time PCR reactions and six replicates for plate
counting. Means with the same letter within a sample do not differ sig-
nificantly according to the Student-Newman-Keuls multiple range test
(P <0.05).

DISCUSSION

Cadlibration curves were generated for X. axonopodis pvs. citri
and citrumelo based on the assumption that the concentration of
bacteria was directly related to DNA concentration. First, a
calibration curve was calculated based on the Ct obtained after
amplification using the pth primer—probe combination to quantify
X. axonopodis pv. citri in plants. Specificity for CBC diagnosis
was assured because pth is found in this pathovar but not in other
bacteria belonging to the same genus attacking the same host
(4,32). This gene aso is present in other Xanthomonas spp.; how-
ever, xanthomonads containing pth different from those causing
CBC are not likely to be isolated from citrus. Indeed, primers for
the pth gene were designed based on previous results obtained
with CBC strains, including types A, A%, A*, B, and C, and aso
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Fig. 7. Fluorescence plot for FAM versus VIC after real-time polymerase
chain reaction (RT-PCR) using primers and probes for the |eucine-responsive
regulatory protein (Irp) gene and alelic discrimination of DNA obtained from
Xanthomonas spp. isolated from citrus in different world areas. CBC = citrus
bacterial canker and CBS = citrus bacterial spot. After RT-PCR, an endpoint
fluorescence reading Rn (normalized reported signal) was taken and a scatter
plot of A-adlele Rn versus Aw/A*-adlele Rn was made using sequence
detection system software.
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Fig. 8. Fluorescence plot for FAM versus VIC after rea-time polymerase
chain reaction (RT-PCR) using primers and probes for the leucine-responsive
regulatory protein (Irp) gene and alelic discrimination of DNA obtained from
Xanthomonas axonopodis pvs. citri (JK20.3 type A and X0058 type A") and
citrumelo (X00-139) and from infected plant material (O1, F15, and F19).
CBC = citrus bacterial canker and CBS = citrus bacterial spot. After RT-PCR,
an endpoint fluorescence reading Rn (normalized reported signal) was taken
and a scatter plot of A-allele Rn versus Aw/A*-alele Rn was made using
sequence detection system software.
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X. axonopodis pv. citrumelo, a non-pth-containing strain that was
used as a negative control (4). This region aso has been used
recently by other authors to develop specific primers for CBC
diagnosis (30). Compared with other quantitative PCR methods
different from RT reactions such as QC-PCR (7), the sensitivity of
the PCR was improved by a factor of 100 to 1,000 for quanti-
fication of bacterial abundance. Moreover, sensitivity of the detec-
tion method was similar to SYBR green detection of double-
stranded DNA amplified from the same genomic region (30). In
the case of CBS, primers were designed based on the previously
obtained sequence of the intergenic spacer of the ribosomal
sequences (4). In this ribosomal region, specific sequences for
X. axonopodis pv. citrumelo have been described (4). Using these
primers, a standard curve was obtained showing a lower sensitiv-
ity than that obtained for CBC using the pth primers. This differ-
ence in primer sensitivity may be a result of the chromosomal
origin of the amplified fragment or lower gene repetition. Al-
though this set of primers is useful to detect and quantify
X. axonopodis pv. citrumelo in inoculated plants, we cannot
recommend its use for diagnosis of field samples. Variability in
ribosomal sequences among Xanthomonas spp. is very low (4,13,
20) and specific primers for each of the pathovars within the same
species are hard to obtain. Thus, quantities of X. axonopodis pv.
citrumelo may be overestimated if other related xanthomonads are
present. For example, X. axonopodis pv. citri may be amplified
and misidentified as X. axonopodis pv. citrumelo by the use of
these primers because of the high homology between both patho-
vars within this genomic region (4). The specific methodology
discussed below and derived from the Irp region is more advisable
for diagnosis of CBS. Calibration curves for quantification based
on Irp primers and two TagMan MGB probes with FAM and VIC
as the fluorescent dyes were obtained. The Irp gene is universally
present in Xanthomonas spp., and variability in this gene has been
used previously to determine the phylogenetic relationship among
Xanthomonas spp. (6). This sequence variability has been ex-
ploited to design specific assays for diagnosis of CBS and CBC in
this work. For CBC, the sensitivity with Irp primers was equiva-
lent to that obtained with those based on pth, whereas it was
lower for X. axonopodis pv. citrumelo because the MGB probes
were designed for amplification of either the A strain (FAM) or
the A* and A" strains (VIC). The differences of the CBS se-
quences resulted in less affinity of the probes for the target
sequence and less efficiency of the nuclease activity of the Taq
polymerase. Less nuclease activity means less separation of the
fluorogenic dye from the quencher, which reduces fluorescence
and, thus, sensitivity. Calibration curves generated from QRT-
PCR for CBC and CBS using probes labeled with the VIC
fluorescence signal were less sensitive compared with FAM using
the same Irp primers. This probably is due to the dightly minor
affinity of the probe for the target in A strains and also may be
due to less intense fluorescence of VIC. As expected, sensitivity
for quantification of X. axonopodis pv. citri also was higher than
for X. axonopodis pv. citrumelo because of a greater affinity of
the TagMan probes to the target sequence. In al cases, the sensi-
tivity using Irp primers was lower compared with the pth or
ribosomal primers.

The correlation coefficients of all the calibration curves indi-
cate a relatively strong relationship between bacterial abundance
and Ct in the QRT-PCR reaction. Moreover, amplification effi-
ciencies were high over a wide range of bacterial abundance.
Accuracy is demonstrated not only for QRT-PCR but also for the
DNA extraction method. All standard curves were calculated
using independent DNA extractions for each of the bacteria
dilutions and two replicates of the QRT-PCR reaction for each
sample. This means that calibration curves include variation due
to the QRT-PCR as well as to the DNA extraction. In addition, the
first calibration curve with pth primer—probe was obtained from
two dilution series made from two different leaves; when calibra-
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tion curves were calculated separately from the two series, similar
eguations were obtained and a statistically significant similarity
between the regressions was shown (P < 0.0001).

All protocols described here for QRT-PCR were set up initialy
using SYBR green; when satisfactory results were obtained, the
corresponding TagMan probe was synthesized. TagMan technol-
ogy €eliminates the necessity of post-PCR evaluation because the
fluorescence obtained is due only to amplification of the target
sequence and not from a nonspecific product, as may occur with
SYBR green protocols (30). Therefore, this method reduces the
risk of false positives and increases the reliability of the PCR
detection. TagMan technology alows the use of higher primer
concentrations because the formation of primer-dimers does not
add to the fluorescence. Elevation of primer concentrations allows
for the detection of lower concentrations of bacteria, and this is
essential in samples with non-optimal PCR conditions such as
field samples of leaves with old lesions.

Samples of infected plants were subjected to analysis with the
different QRT-PCR protocols and compared with colonies de-
tected on a semiselective medium. In most of the samples, colony
counts in plants coincided with data obtained by QRT-PCR; how-
ever, in some cases, lower bacterial abundance was detected on
culture plates. Although QRT-PCR is suitable for quantification,
DNA detection does not necessarily correspond with the presence
of viable cells as reported for many bacterial models, including
CBC (8,22,25,26,30). DNA is stable in dead cells and thisimplies
that the number of viable bacterial cells may be overestimated by
PCR, as shown in our experiments with CBS and CBC. The non-
culturable fraction probably represents mainly nonviable bacteria.
Viable but nonculturable fractions have been considered to be of
possible importance in several bacterial species (17,29,42), but
their significance could not be confirmed yet in X. axonopodis
infecting citrus trees (5). Therefore, QRT-PCR is applicable only
for quantification of living bacteria in young lesions when bac-
terial populations are active. However, QRT-PCR may be very
useful for diagnosis and bacterial quantification in cases of
tolerance zero, when it is not necessary to probe viability of the
pathogen. It also may be applicable for epidemiological studies
under controlled conditions, but probably not for lesions of mixed
age in the field. For that reason, field studies on bacterial survival
require other methods as plate counts or utilization of nonstable
nucleic acids such as mRNAs to confirm viability of the
population.

No significant differences in quantification were observed among
the primer—probe combinations in any of the samples analyzed,
athough they did show different sensitivities according to the
standard curves. Thisis because bacterial concentrationsin &l the
samples were within the sensitivity range of al the protocols
tested. However, if low populations are expected, the most sensi-
tive protocols recommended are the pth primer—probe combi-
nation for detection of X. axonopodis pv. citri and the ribosomal
primer—probe combination for detection of X. axonopodis pv.
citrumelo.

Although some bacteria egressing from lesions are detectable
with minor or no DNA extractions as described by other authors
(30), a DNA extraction protocol should be applied in order to
release DNA from bacteriainside the plant tissue. Electron (16) or
confocal microscopy (unpublished data) studies indicated that a
high concentration of bacterial cells remain in intercellular
spaces. Amplification from these bacteria cells requires a total
DNA extraction protocol like the one described above which was
shown accurate enough to keep experimental variability low. In
addition, DNA extraction plays an essential role in concentrating
the samplesin order to attain low detection thresholds.

All€dic discrimination among the three main strains of X. axono-
podis was possible following the protocol described and by the
use of controls corresponding to strains of CBS and CBC of
restricted and wide host range. This PCR method is based on the



accumulation of a fluorescence signal during the nucleolytic
degradation of an internaly quenched allele-specific probe. A
single nucleotide difference between probes J-Alrpallelicl and J-
Awlrpallelicl and their templates resulted in different melting
temperatures. This mismatch is responsible for a reduced hybridi-
zation efficiency and consequent reduced nuclease effectiveness
of the Tag polymerase. For samples containing the A strain, the
FAM probe was cleaved whereas the VIC probe remained more
intact and, thus, quenched. For samples containing the A" or A*
strain, the VIC probe was cleaved and more FAM probe remained
intact. For X. axonopodis pv. citrumelo, lesser amounts of both
probes were cleaved, with the result that the majority was
guenched because of a difference of two nucleotides within the
hybridization probe area.

Allelic discrimination by TagMan technology provides an al-
ternative to other methods to differentiate among different types
of CBC strains as well as to differentiate from other Xanthomonas
spp. This method is especially valuable in an eradication program
such as Florida's, where more than one strain occurs in the same
geographic area. These techniques allow regulators to rapidly
identify strain types to determine which citrus species are to be
removed, as well as to avoid mix up of CBC with similar diseases
like CBS.
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