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mRNA from selected genes is useful for specific detection
and quantification of viable Xanthomonas citri subsp. citri
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The purpose of this study was to assess the stability of mRNA and rRNA for evaluation of viability for Xanthomonas citri

subsp. citri (Xcc). Total RNA from Xcc suspensions subjected to different stress treatments (high temperature or chemical

treatment with sodium orthophenylphenate at different concentrations) was extracted at different time periods post-treat-

ment (0, 3, 24 and 48 h) and analysed by quantitative real-time reverse transcription PCR (Q-RT-PCR). Primers were

designed from selected fragments of rRNA and mRNA from genes involved in bacterial fitness, virulence or general meta-

bolic mechanisms (gumD, rpfB, avrBs2 and gyrB). After stress treatment, only a 445-bp fragment from the gumD mRNA

was detected in live Xcc cells specifically, whereas other RNA fragments, as well as DNA targets, were detected in both via-

ble and nonviable cells. Statistical analyses demonstrated that the amount of some transcripts from genes involved in xan-

than synthesis, pathogenicity factor regulation and DNA processing was significantly reduced after lethal treatments. The

amplification of the 445-bp product from gumD mRNA was demonstrated to be useful for the detection of viable Xcc; the

product was detected specifically from viable bacteria on leaf and citrus fruit surfaces and in citrus canker lesions. Instability

of long RNA fragments can be used as a practical tool for the study of survival of citrus canker bacteria or for diagnostic

purposes when the presence of viable bacteria needs to be confirmed.
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Introduction

Xanthomonas citri subsp. citri (Xcc) (Schaad et al., 2006)
causes citrus bacterial canker (CBC), one of the most
serious diseases affecting commercial citrus varieties
worldwide (Gottwald et al., 2001). CBC is characterized
by necrotic lesions on leaves, twigs and fruit, reduces fruit
marketability and restricts commercialization to coun-
tries free of the disease (Gottwald et al., 2001; Pruvost
et al., 2002; Graham et al., 2004). The presence of CBC in
a citrus-producing area hinders plant and fruit export-
ation, invokes costly eradication programmes and chemi-
cal treatments, and forces the citrus industry to shift to
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less susceptible and often less profitable cultivars (Sun
et al., 2004).

Xcc has been reported in Asia, Africa, North America,
South America and Oceania, but it has not been found in
the European Union (EU) (López et al., 2005; Golmo-
hammadi et al., 2007) where Xcc is considered to be a
quarantine pathogen (Council Directive 2000 ⁄ 29 ⁄ EC).
To manage the risk of Xcc entering the EU from affected
areas, strict regulations have been established to restrict
the movement of citrus plant material and fruit. Citrus
plant introduction into the EU is prohibited, and importa-
tion requires that the fruit be free of CBC symptoms and
treated with selected disinfectants. One of the most widely
used treatments for fruit disinfection is 2% sodium orth-
ophenylphenate (SOPP), applied as a drench or by spray-
ing (Brown & Schubert, 1987; Pao & Brown, 1998). The
activity of SOPP is a result of the disruption of the bacte-
rial cell membrane at high pH (Pao & Brown, 1998).

Xcc enters plants primarily through the stomata and
colonizes the apoplast of the fruit, leaf and stem tissue
(Graham et al., 2004). Several studies have demonstrated
the capacity of Xcc to survive endophytically in fruits,
twigs and leaves (Goto et al., 1978; Pruvost et al., 2002;
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Gambley et al., 2005). Although the epidemiology of the
bacterium has been well studied in different countries
(Goto et al., 1978; Pruvost et al., 2002), its capacity for
survival in commercial fruits is less known (Gottwald
et al., 2009). Knowledge about the ability of Xcc to sur-
vive in plant tissues, especially fruits, is essential to eluci-
date the disease cycle in order to evaluate the efficacy of
fruit disinfection treatments accurately. Valid detection
methods for determination of bacterial viability in fruit
are indispensable for assessing the risk of transmission of
the disease.

Currently, detection of Xcc is conducted primarily
with classical methodologies like bacterial isolation on
culture plates or molecular protocols based on PCR. In
some cases, the delay (up to 7 days) in the appearance of
Xcc colonies from infected fruits on YPGA or other cul-
ture media plates (Golmohammadi et al., 2007) could be
attributed to stress on bacterial cells in the lesions follow-
ing fruit treatments (washing, disinfection, chemical
treatments, transport, and storage at low temperatures
for variable periods of time), decreasing bacterial growth
and the development of colonies. Moreover, a condition
known as ‘viable but nonculturable’ (VBNC) has been
described for the inability of bacteria under different
environmental stresses to grow on culture plates (Ghezzi
& Steck, 1999; Oliver, 2005). A VBNC state has been
reported recently in Xcc (Del Campo et al., 2009; Golmo-
hammadi, 2009) as well as in other plant pathogenic
bacteria such as Ralstonia solanacearum, Pseudomonas
syringae, Agrobacterium tumefaciens, Erwinia amylovo-
ra and Xanthomonas campestris pv. campestris (Oliver,
1993, 2005; Ghezzi & Steck, 1999; Ordax et al., 2006).
Presence of viable Xcc, which remain pathogenic but are
not culturable, creates concern for risk of dissemination
of the disease via contaminated fruit even after post-
harvest treatments (Gottwald et al., 2009).

Conventional methods to detect viable bacteria based
solely on the ability of cells to grow on culture media
(Keer & Birch, 2003) do not take into account the possi-
ble VBNC status of bacteria recovered from plant tissues.
Alternative methods used for Xcc detection such as serol-
ogy (Alvarez et al., 1991), conventional PCR (Hartung
et al., 1993; Cubero & Graham, 2002; Coletta-Filho
et al., 2006) or real-time PCR (Mavrodieva et al., 2004;
Cubero & Graham, 2005) do not distinguish between
viable and nonviable cells (Josephson et al., 1993; Sheri-
dan et al., 1998; Yaron & Matthews, 2002). Therefore,
methods exclusively for the detection of viable bacteria
are required to avoid false negatives due to non-cultura-
bility or false positive detection of nonviable cells by
DNA-based methods when assessing survival for diag-
nostic purposes or in epidemiological studies.

In contrast to DNA, RNA, depending on the type, is
considered significantly less stable (Birch et al., 2001).
Ribosomal RNA (rRNA) is present in high copy num-
ber and is very stable and persistent in dead cells
(McKillip et al., 1998; Yaron & Matthews, 2002). In
contrast, mRNA is a useful viability marker because of
its potentially short half-life and essential role in bacte-
rial metabolism (Sheridan et al., 1998). The relation-
ship between detection of microbial mRNA and cell
viability has already been investigated, and selected
mRNAs have been validated for assessment of viability
in bacterial models such as Escherichia coli (Sheridan
et al., 1998; Birch et al., 2001; Yaron & Matthews,
2002; Keer & Birch, 2003). Recently we used an iso-
thermal amplification by NASBA for the detection of
mRNA in Xcc for this purpose (Scuderi et al., 2010),
and found this technique to be robust, reliable and sen-
sitive for bacterial detection, although its use for quan-
tification is less straightforward.

In the present study, rRNA and mRNA fragments from
genes involved in Xcc fitness and virulence, including
those used in the NASBA protocol (rpfB, gyrB, avrBs2
and gumD), were evaluated for their suitability as viabil-
ity markers using quantitative real-time reverse transcrip-
tion PCR (Q-RT-PCR). In order to avoid false positives
and false negatives, levels of different RNAs in viable and
nonviable Xcc cells were quantified after chemical or
heating treatments to validate the protocol. The purpose
of the present study was to determine whether Q-RT-
PCR, easily exportable to a research or diagnostic labora-
tory, could be used to quantitatively assess Xcc bacterial
viability. Furthermore, the application of the technique
for evaluating survival of the bacterium was demon-
strated for inoculated plant material with or without
symptoms.
Materials and methods

Bacterial strains and growth conditions

Xcc strain 306 from the collection of Plant Pathogenic
Bacteria of IAPAR (Instituto Agronômico do Paraná,
Brazil) was used in this study. Xcc was routinely grown at
26�C for 48 h on YPGA medium (Lelliott & Stead, 1987)
or in LB (Luria–Bertani) broth. Liquid LB cultures were
incubated with shaking. Bacterial concentrations were
monitored by optical density at 600 nm.
Inactivation treatments

Two methods were used to treat the bacteria: high tem-
perature and exposure to sodium orthophenylphenate
(SOPP). To determine the temperature and time needed
for bacterial inactivation, 10 mL of an exponential phase
LB culture (108 CFU mL)1) were treated at three differ-
ent temperatures and times: 50�C for 30 min, 80�C for
10 min and 100�C for 10 min. For treatment with SOPP,
a Xcc suspension (108 CFU mL)1) was centrifuged and
the bacterial pellet resuspended in 10 mL SOPP at con-
centrations of 1, 2, 3, 4, 5 and 10% (v ⁄ v). After 5 min at
room temperature, the bacterial suspensions were centri-
fuged and then washed twice with sterile water to remove
the SOPP. Culturability assays and RNA or DNA analy-
ses were performed as described below, immediately
and at 3, 5, 24 and 48 h after each treatment. All the
experiments were performed at least twice.
Plant Pathology (2012) 61, 479–488
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Bacterial viability and culturability

The viability of cells in bacterial suspensions was assessed
by monitoring membrane integrity with the LIVE ⁄ DEAD
BacLight Kit (Invitrogen). Briefly, 1 mL of the suspension
was centrifuged and the pellet washed twice with 1 mL
0Æ85% NaCl solution. Then, 100 lL of the sample was
mixed with 100 lL of a mixture of equal parts of SYTO 9
and propidium iodide, and incubated in the dark for
15 min. Ten microlitres of the suspension was mounted
on a glass slide and cell viability monitored by epifluores-
cence microscopy (Nikon ECLIPSE E800). Green and red
cells were classified as live and dead, respectively. A sam-
ple was considered negative for cell viability when no
green bacteria were evident and positive if green cells
were present. Assays were performed twice, with positive
and negative controls in each assay.

To assess the culturability of the bacteria after different
treatments, aliquots were plated onto LB agar and
observed for colonies after incubation at 26�C for 7 days.
DNA and RNA extraction

DNA extraction was performed according to Llop et al.
(1999). Briefly, 1 mL of the Xcc suspension
(108 CFU mL)1) was centrifuged at 8000 g for 5 min.
The pellet was resuspended in 500 lL extraction buffer
(200 mM Tris-HCl pH 7Æ5, 250 mM NaCl, 25 mM EDTA,
0Æ5% SDS, 2% polyvinylpyrrolidone) and the suspension
was shaken for 60 min at room temperature. The sample
was centrifuged at 1000 g for 5 min and 450 lL of the
supernatant was mixed with 450 lL isopropanol and
held for 30 min at room temperature. The mixture was
then centrifuged at 8000 g for 10 min, the supernatant
was removed and the pellet resuspended in 100 lL of
sterile water. This DNA was either used immediately for
PCR or stored at )20�C until further use.

Total RNA extraction was performed using the
RNeasy Mini Kit (QIAGEN) according to the manufac-
Table 1 Sequences of primers used to amplify rRNA and mRNA from rpfB, gyrB

Primers or probe Target Sequence

MG-gumD1F gumD CATTGCA

MG-gumD1R CGACCAA

MG-gumD2F gumD GGCGCAG

MG-gumD2R TCGTACTG

MG-rpfBF rpfB CCAACCT

MG-rpfBR TTGGTTTT

MG-rRNA1F rRNA GAGGAAC

MG-rRNA1R GACAAGG

MG-rRNA2F rRNA GTGACGT

MG-rRNA2R CCAAGTT

MG-gyrBF gyrB TATATCGG

MG-gyrBR CCGGCAA

MG-avrF avrBs2 TGCCGAG

MG-avrR GGTCTGG

J-GumD probea gumD FAM-AATG

aTaqMan probe employed in combination with primer set MG-gumD1F ⁄ M
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turer’s instructions. Nine millilitres of bacterial suspen-
sion (108 CFU mL)1) were centrifuged at 5000 g for
5 min. The pellet was resuspended in 100 lL Tris-EDTA
buffer (10 mM Tris-HCl pH 7Æ4, 0Æ1 mM EDTA) with
lysozyme (400 lg mL)1) and incubated for 5 min at
room temperature before performing the protocol
described by the manufacturer. After RNA extraction,
the suspension was treated with 2 U lL)1 TURBO
DNAse (Ambion) at 37�C for 30 min. RNA concentra-
tion was determined with a NanoDrop model ND-1000
(NanoDrop Technologies) and the preparation stored at
)80�C until further use.
Design of primers and probes for quantitative
real-time PCR (Q-PCR) and Q-RT-PCR

All primers and probes were designed using ABI PRISM
PRIMER EXPRESS software (version 2Æ0; Applied Biosystems)
(Table 1), based on the Xcc sequences available in Gen-
Bank for genes involved in xanthan synthesis (gumD;
accession number AE011898), DNA replication (gyrB;
AE011623), regulation of pathogenicity factors (rpfB;
AE011821Æ1), avirulence (avrBs2; AE008923) and ribo-
somal RNA (rRNA; AE003919). Primers for long and
short amplicon sizes were designed for genes gumD and
rRNA because of promising results in a previous study
(Scuderi et al., 2010).
Q-PCR and Q-RT-PCR conditions

Q-PCRs were performed using SYBR Green as fluores-
cent reporter by adding 3 lL DNA (0Æ1 lg lL)1) to a
reaction mixture containing 12Æ5 lL 2 · PCR universal
SYBR Green master mix (Applied Biosystems) and
0Æ25 lL 10 lM forward and reverse primers in a total vol-
ume of 25 lL. For TaqMan probe reactions, 3 lL of the
template were added to a reaction mixture containing
12Æ5 lL of 2 · PCR Universal Master Mix (Applied
, avrBs2 and gumD genes

(5¢–3¢) Amplicon (bp)

GTGGGCGTCAAGT 445

CGGCGGATGTAGT

GTGAATGGTTT 69

GATACGCTTCTTCATC

GACCGCCTACAA 64

CGGCAACTCCTT

ATCCGTGGCGAAGG 410

GTTGCGCTCGTTGC

AGCGAGCGTTTGA 147

GCCTCGGAGCTAC

CGACGTCCATGA 86

GGGCTTCGT

CTGCGTGAAA 73

TCGGTCTTGACATAGT

GTTTCCGTGGCGAGACC-TAMRA

G-gumD1R.
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Biosystems), 1 lL 10 lM forward and reverse primers and
1 lL 10 lM TaqMan probe in a total volume of 25 lL.
Q-PCR reactions were performed and analysed in an ABI
PRISM 7000 ⁄ 7500 Sequence Detection System (Applied
Biosystems). Amplification conditions for all primers con-
sisted 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.

Q-RT-PCR assays were carried out with SYBR Green
as fluorescent reporter by adding 3 lL of the extracted
RNA (0Æ1 lg lL)1) to a reaction mixture containing
12Æ5 lL 2 · PCR universal SYBR Green master mix
(Applied Biosystems), 0Æ25 lL MultiScribe reverse trans-
criptase (50 U lL)1) (Applied Biosystems), 0Æ5 lL
RNase inhibitor (20 U lL)1) (Applied Biosystems) and
0Æ25 lL forward and reverse primers (10 lM) in a total
volume of 25 lL. For TaqMan probe reactions, 3 lL of
the extracted RNA (0Æ1 lg lL)1) were added to a reac-
tion mixture containing 12Æ5 lL of 2L PCR Universal
Master Mix (Applied Biosystems), 0Æ25 lL MultiScribe
reverse transcriptase (50 U lL)1) (Applied Biosystems),
0Æ5 lL RNase inhibitor (20 U lL)1) (Applied Biosys-
tems), 1 lL forward and reverse primers (10 lM) and
1 lL TaqMan probe (10 lM) in a total volume of 25 lL.

Control RNA samples were not supplemented with
reverse transcriptase, to test for DNA contamination in
either SYBR Green or TaqMan probe reactions. The
amplification profile for all primers consisted of an initial
reverse transcription step of 30 min at 48�C, an activa-
tion step of 10 min at 95�C followed by 40 cycles at 95�C
for 15 s and 60�C for 1 min. Amplification and data anal-
ysis were performed as above in a 7000 ⁄ 7500 Sequence
Detection System (Applied Biosystems).

After SYBR Green Q-PCR or Q-RT-PCR reactions,
PCR product melting point analysis was performed for
the PCR products generated to confirm the presence of
specific PCR products.
Stability of rRNA and mRNA in nonviable cell
suspensions

Total RNA was extracted from bacterial suspensions and
Q-RT-PCRs were performed using primers for rpfB,
gyrB, gumD, avrBs2 and rRNA (Table 1) with SYBR
Green as fluorescent reporter as described above. Two
approaches were followed:
1 a qualitative positive ⁄ negative assay was performed in

order to detect RNAs from the different targets. In
these assays, a sample was considered positive when
fluorescence generated in a reaction was above the flu-
orescence threshold and melting curve analysis indi-
cated an appropriate amplicon size was produced. A
sample was considered negative when no fluorescence
was generated or melting curve analysis indicated that
a nonspecific amplicon was produced.

2 quantitative assays were performed in order to deter-
mine the relative stability of the different RNAs. For
these assays, Q-RT-PCRs were performed as above
with total RNA extracted from ten different dilutions
of an initial suspension of Xcc at 108 CFU mL)1, trea-
ted at 80�C for 10 min and untreated. A threshold cycle
(Ct) average was calculated for treated and untreated
samples for each primer set tested. Data for the Ct, con-
verted (or not) to linear form (2)Ct; Livak & Schmitt-
gen, 2001), were subjected to analysis of variance and
the means separated by the Student–Newman–Keuls
multiple range test.
In addition, the Ct value of the target RNA after a

treatment compared to an untreated control was nor-
malized using the 2)DDCt method to determine the rela-
tive quantity of RNA (Livak & Schmittgen, 2001). The
rRNA and avrBs2 genes were used as internal controls
for normalization, because no significant differences
(P < 0Æ05) were shown in the Ct means between treated
and untreated samples when primers MG-rRNA2F ⁄
MG-rRNA2R and MG-avrF ⁄ MG-avrR were used.

Melting curve analyses were performed for all SYBR
Green reactions.
Construction of standard curves and primer
specificity

For Q-PCR DNA standards, the PCR product from
gumD obtained with the primer pair MG-gumD1F ⁄ MG-
gumD1R was cloned into plasmid vector pCR2-1 (Pro-
mega) and electrocompetent E. coli DH5a cells were
transformed. Concentrations of the plasmid purified
from E. coli were adjusted from 1 to 100 ng and ampli-
fied by Q-PCR as described above to obtain standard
curves for gumD.

RNA standards were generated by in vitro transcrip-
tion of the above cloned fragment from gumD using the
RNA Riboprobe Combination System – SP6 ⁄ T7 (Pro-
mega) following the manufacturer’s instructions. DNA
was removed by addition of TURBO DNAse (Ambion) as
described above. RNA dilution curves were generated by
Q-RT-PCR using RNA solutions from 1 pg to 100 ng
and SYBR Green or TaqMan probes as fluorescent repor-
ter systems.

The specificity of gumD primer sets for Xcc was tested
by Q-RT-PCR with total RNA from different bacteria
(P. syringae pv. syringae, P. syringae pv. tomato, P. fluo-
rescens, Pantoea agglomerans, X. campestris, Xantho-
monas spp.) following the protocol described above.
Stability of gumD mRNA in Xcc on citrus leaf and
fruit surfaces

To evaluate whether mRNA from gumD would be useful
for the detection of viable Xcc in plant material, gumD
mRNA was amplified by Q-RT-PCR from active and heat
inactivated bacteria deposited on Valencia orange (Citrus
sinensis) leaves and Navel orange fruit surfaces. Bacterial
suspensions of Xcc strain 306 were deposited on leaves
and fruits at concentrations from 103 to 108 CFU mL)1

before and after the inactivation treatment. Total RNA
extractions were performed from two �1 cm2 pieces of
inoculated leaf or fruit peel using the RNeasy Mini kit
(QIAGEN). Inoculated plant material was comminuted
Plant Pathology (2012) 61, 479–488
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in 3 mL of sterile water. A sample of the resultant extract
(1Æ5 mL) was centrifuged at 15000 g for 10 min and the
pellet was resuspended in 100 lL Tris-EDTA buffer
(10 mM Tris-HCl pH 7Æ4, 0Æ1 M EDTA) with lysozyme
(400 lg mL)1). The suspension was incubated for
30 min at 37�C before performing the RNA extraction
protocol described by the manufacturer for bacterial
samples. After RNA extraction, the suspension was trea-
ted as above with TURBO DNAse (Ambion) and the
preparation stored at )80�C until further use. Q-RT-
PCRs were performed as above using the MG-
gumD1F ⁄ MG-gumD1R primer pair and the J-GumD
TaqMan probe. To verify the absence of DNA in the
extracted RNA, Q-PCR was performed before and after
DNAse treatment as described above.
Stability of gumD mRNA in CBC lesions before and
after bactericide treatments

Detached Valencia orange leaves were inoculated with
Xcc strain 306 at 105 CFU mL)1 concentration under
in vitro conditions according to a previously described
protocol (Francis et al., 2010). Fifteen days post-inocula-
tion, �1 cm2 pieces of tissue from the inoculated areas,
showing CBC lesions, were selected for treatment with
bactericides. Leaf pieces were placed in 1Æ5 mL tubes with
sterile water at 80�C or in 4% SOPP solution and shaken
for 30 min. DNA was extracted as described previously
(Cubero & Graham, 2005). RNA extraction, Q-PCR and
Q-RT-PCR were performed as above. In addition, dilu-
tions from the initial extract used for both DNA and
RNA extraction were plated on LB medium and colonies
were counted after incubation at 26�C for 72 h.
Table 2 Q-RT-PCR results with rRNA and mRNA from rpfB, gyrB, avrBs2

and gumD genes after heating a suspension of Xanthomonas citri subsp.

citri strain 306 (108 CFU mL)1) at 80�C for 10 min

RNA fragmenta

Time (h)

0 3 24 48 C(+)b C())c

gumD1 )d ) ) ) + )
gumD2 +e + + + + )
gyrB + + + + + )
rpfB + + + + + )
avrBs2 + + + + + )
rRNA1 + + + + + )
rRNA2 + + + + + )

aPrimer pairs used (genes): MG-gumD1F ⁄ MG-gumD1R (gumD1),

MG-gumD2F ⁄ MG-gumD2R (gumD2), MG-gyrBF ⁄ MG-gyrBR (gyrB),

MG-rpfBF ⁄ MG-rpfBR (rpfB), MG-avrF ⁄ MG-avrR (avrBs2), MG-

rRNA1F ⁄ MG-rRNA1R (rRNA1), MG-rRNA2F ⁄ MG-rRNA2R (rRNA2).
bPositive control.
cNegative control.
dNegative; no fluorescence generated or melting curve analysis

indicated no specific amplicon generation.
ePositive; fluorescence generated above the threshold, melting curve

analyses indicated the generation of a correct amplicon product.
Results

Culturability, viability and RNA detection in
bacterial suspensions after heat treatment

After heating bacterial suspensions at 100�C for 10 min,
no colonies were detected on culture plates, total RNA
degradation was observed in agarose gels, and no green or
red cells were observed under epifluorescence microscopy
using the LIVE ⁄ DEAD stain assay. Since no stained cells
were observed, complete bacterial cell degradation was
assumed. After heat treatment at 50�C for 30 min, green
and red cells were observed although no colonies grew on
culture plates. Because green cells were present, this treat-
ment was not completely effective at killing bacterial cells
and was not used in further experiments. At 80�C for
10 min, only red cells were observed and no colonies grew
on culture plates. This temperature was used for further
heat treatment experiments because the objective was to
work with intact bacteria showing no activity as likely
occurs after lethal bactericide treatments in the field.

In no case were culturable or viable bacteria detected
by plating on culture media or the LIVE ⁄ DEAD assay,
respectively, after heat treatment at 80�C for 10 min.
After treatment at 80�C and subsequent incubation for
Plant Pathology (2012) 61, 479–488
48 h, mRNAs from rpfB, gyrB, and avrBs2 genes were
detected by Q-RT-PCR. In addition, an amplification
product of 69 bp of mRNA from gumD was detected
with primers MG-gumD2F ⁄ MG-gumD2R. When prim-
ers MG-gumD1F ⁄ MG-gumD1R were used to try to
amplify a longer sequence (445 bp) from gumD mRNA,
no amplification product was detected. By contrast, after
heat treatment, rRNA was detected using the primer pairs
MG-rRNA1F ⁄ MG-rRNA1R and MG-rRNA2F ⁄ MG-
rRNA2R, which amplified a long (410 bp) or short
(147 bp) fragment respectively (Table 2). In all the sam-
ples, DNA for all the genes was detected by Q-PCR dur-
ing the time course assays from the different treatments.
Culturability, viability and RNA detection in
bacterial suspensions after SOPP treatment

mRNA from rpfB, gyrB and avrBs2 genes and rRNA was
detected by Q-RT-PCR in all the samples immediately
after treatment with SOPP at concentrations from 1 to
4%. After SOPP treatments, the 69 bp mRNA fragment
from gumD was also detected with the MG-
gumD2F ⁄ MG-gumD2R primer pair. However, amplifi-
cation of the 445 bp mRNA fragment from gumD, using
primers MG-gumD1F ⁄ MG-gumD1R, only occurred
after treatments with 1 and 2% SOPP. Likewise, cultur-
able and viable cells were detected by plating or LIVE ⁄ -
DEAD assay only in Xcc suspensions treated with 1 and
2% SOPP (Table 3).
Relative stability of rRNA and mRNA in bacterial
cells after heating at 80�C for 10 min

Means of raw Ct or Ct values converted to the linear form
were calculated after Q-RT-PCR for each RNA target



Table 3 Q-RT-PCR results with rRNA and mRNA from rpfB, gyrB, avrBs2

and gumD genes after treatment a 108 CFU mL)1 suspension of

Xanthomonas citri subsp. citri strain 306 with different concentrations of

SOPP

RNA fragmenta

SOPP concentration

1% 2% 3% 4% 5% C(+)b C())c

gumD1 +d + )e ) ) + )
gumD2 + + + + + + )
gyrB + + + + + + )
rpfB + + + + + + )
avrBs2 + + + + + + )
rRNA1 + + + + + + )
rRNA2 + + + + + + )

aPrimer pairs used (genes): MG-gumD1F ⁄ MG-gumD1R (gumD1),

MG-gumD2F ⁄ MG-gumD2R (gumD2), MG-gyrBF ⁄ MG-gyrBR (gyrB),

MG-rpfBF ⁄ MG-rpfBR (rpfB), MG-avrF ⁄ MG-avrR (avrBs2), MG-

rRNA1F ⁄ MG-rRNA1R (rRNA1), MG-rRNA2F ⁄ MG-rRNA2R (rRNA2).
bPositive control.
cNegative control.
dPositive; fluorescence generated above the threshold, melting

curve analyses indicated the generation of a correct amplicon

product.
eNegative; no fluorescence generated or melting curve analysis

indicated no specific amplicon generation.
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Figure 2 Normalized RNA target amounts, from untreated

Xanthomonas citri subsp. citri strain 306 suspensions relative to

those treated at 80�C for 10 min, from Q-RT-PCR reactions. Primers

pairs (and target genes) were: MG-gumD2F ⁄ MG-gumD2R (gumD2),

MG-rpfBF ⁄ MG-rpfBR (rpfB), MG-rRNA1F ⁄ MG-rRNA1R (rRNA1),

MG-rRNA2F ⁄ MG-rRNA2R (rRNA2), MG-gyrBF ⁄ MG-gyrBR (gyrB)

and MG-avrF ⁄ MG-avrR (avrBs2). Quantification was performed by

the 2)DDCt method for Ct analysis and target sequences; primers

MG-rRNA2F ⁄ MG-rRNA2R (rRNA2) and MG-avrF ⁄ MG-avrR (avrBs2)

were used as endogenous references for normalization.
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analysed for heat-treated Xcc suspensions. One-way ANO-

VA was performed to examine variation in the RNA
amount between treated and untreated samples. The ANO-

VA analysis indicated that, in addition to the RNA target
detected with primers MG-gumD1F ⁄ MG-gumD1R
(445 bp), significant differences (P < 0Æ05) were shown
for three other RNA targets. Significant differences
between treated and untreated samples were detected for
primers MG-rpfBF ⁄ MG-rpfBR, MG-rRNA1F ⁄ MG-
rRNA1R, MG-gyrBF ⁄ MG-gyrBR, whereas no signifi-
cant differences were detected for primers MG-
gumD2F ⁄ MG-gumD2R, MG-rRNA2F ⁄ MG-rRNA2R
and MG-avrF ⁄ MG-avrR (Fig. 1).

A relative quantification was performed to determine
the degree of change in RNA concentration for each gene
analysed relative to the RNA amplified with primers MG-
rRNA2F ⁄ MG-rRNA2R and MG-avrF ⁄ MG-avrR. The
results of the relative quantification are shown in Figure 2.
The amount of RNA target, normalized to the small
rRNA fragment or avrBs2 gene by the DDCt method, was
significantly lower for samples heated at 80�C for 10 min
when primers MG-rRNA1F ⁄ MG-rRNA1R, MG-gyr-
BF ⁄ MG-gyrBR or MG-rpfBF ⁄ MG-rpfBR were used.
Non-heated samples contained an average (±standard
deviation) of 2Æ65 ± 0Æ29 times more RNA target for
primers MG-rRNA1F ⁄ MG-rRNA1R than heat-treated
samples, when using the small rRNA as the reference
gene; when avrBs2 was used as the reference, there was
2Æ85 ± 0Æ61 times more RNA target. For primers MG-
gyrBF ⁄ MG-gyrBR, the target RNA concentration was
5Æ81 ± 0Æ28 times higher in untreated than in heated
samples when the small rRNA fragment was used as
reference gene, and the untreated sample had 6Æ26 ± 0Æ6
times more than the heat-treated samples using avrBs2 as
the reference. Finally, concentration of the RNA target
for primers MG-rpfBF ⁄ MG-rpfBR was 23Æ27 ± 0Æ23
times higher for untreated than for heat-treated Xcc sus-
pensions using the small rRNA fragment as endogenous
gene and 25Æ06 ± 0Æ58 times higher when the avrBs2 was
used as the reference.
Plant Pathology (2012) 61, 479–488
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Construction of standard curves and specificity of
gumD primers

As the production of a gumD amplicon using primers
MG-gumD1F ⁄ MG-gumD1R in Q-RT-PCR appeared to
be an indicator of viability, a TaqMan probe was
designed in addition to SYBR Green as fluorescence
reporter (Table 1), and their efficiency and sensitivity for
quantification were evaluated. Standard curves for
Q-PCR and Q-RT-PCR were constructed. Quantification
of gumD DNA or RNA target could be achieved
accurately using this calibration system over a range of
0Æ1–10 ng of total DNA or RNA. Plotting the cycle num-
ber versus the log-concentration of the DNA and RNA
gave straight-line regression plots with R2 > 0Æ9, and
slopes of 3Æ2 and 3Æ5 indicating PCR efficiencies
(10)1 ⁄ slope) (Rasmussen, 2001; Fey et al., 2004) of 2Æ05
and 1Æ93 respectively for SYBR Green reactions, and
slopes of 3Æ6 and 3Æ8 corresponding to PCR efficiencies of
1Æ90 and 1Æ82 for the TaqMan reactions.

In the specificity assays, positive results were only obta-
ined in Q-RT-PCRusing the MG-gumD1F ⁄ MG-gumD1R
primer set from Xcc RNA. No amplification was
observed for other bacterial species assayed (P. syringae
pv. syringae, P. syringae pv. tomato, P. fluorescens,
P. agglomerans, X. campestris, Xanthomonas spp.).
Generation of appropriately sized amplicons was confir-
med in SYBR Green reactions by melting curve analysis.
gumD mRNA detection of bacteria on orange leaf
and fruit surfaces after inactivation treatment

gumD mRNA could be detected from active or inacti-
vated bacteria when primers MG-gumD2F ⁄ MG-
gumD2R (for the 69 bp gumD RNA fragment) were used
in Q-RT-PCR, confirming its stability in dead cells. The
long (445 bp) amplification product was generated from
active bacterial samples when MG-gumD1F ⁄ MG-
gumD1R primers were used, whereas no amplification
resulted from heat-treated bacterial samples. These
results were obtained when the bacteria were recovered
from plant material over a concentration ranging from
104 to 108 CFU mL)1 which corresponded to a concen-
tration of the initial extract of RNA from 102Æ8 to
106Æ8 CFU mL)1 or 100Æ9 to 104Æ9 CFU mg)1 of citrus leaf
or fruit tissue. Plotting the cycle number versus the log-
concentration of the bacteria gave straight-line regression
plots with R2 > 0Æ9 and slopes of 3Æ1 or 2Æ9, indicative of
PCR efficiencies of 2Æ1 and 2Æ2 for leaf or fruit samples,
respectively.

Positive results were obtained from active or inacti-
vated samples in Q-PCR performed before DNAse treat-
ment confirming the stability of the DNA in both cases.
gumD mRNA detection in CBC lesions before and
after bactericide treatments

DNA from gumD was detected using primers MG-
gumD1F ⁄ MG-gumD1R in all samples untreated or trea-
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ted at high temperature or with 4% SOPP. The Ct aver-
ages (±standard deviation) obtained from the samples
were 20Æ70 ± 0Æ04 for the untreated sample,
24Æ96 ± 0Æ09 for the SOPP-treated sample and
22Æ34 ± 0Æ08 for the heat-treated sample. When Q-RT-
PCR was performed with the same primers as above using
RNA as the target, no amplified products were detected
from samples treated with high temperature or SOPP. An
average Ct value of 26Æ58 ± 0Æ18 was obtained from the
untreated sample. Based on this Ct, a viable bacterial
population of 106Æ02±0Æ13 CFU mL)1 could be calculated
in the initial extract that corresponded to 104Æ42±0Æ13 CFU
mg)1 plant tissue from the untreated samples. In all
Q-RT-PCR analyses, a baseline from 0 to 21 and a thresh-
old at 0Æ05 were applied.

No bacterial colonies were detected on LB plates from
the samples after the heat or SOPP treatments. A bacterial
population of 106Æ74±0Æ17 CFU mL)1, equivalent to
105Æ14±0Æ17 CFU mg)1 leaf tissue, was estimated from
colony counts of the samples.
Discussion

A Q-RT-PCR assay to detect viable cells of Xcc under dif-
ferent stress conditions has been developed in this study
using specific mRNA sequences. It was essential to iden-
tify PCR targets for the specific detection of viable bacte-
rial cells, and then to confirm the efficacy of the assay for
detecting Xcc in inoculated plant material with or with-
out CBC symptoms. Seven targets from five different Xcc
genes were screened as potential viability markers based
on sequence information from the Xcc genome (da Silva
et al., 2002) and the results from an isothermal amplifica-
tion (NASBA) protocol described by Scuderi et al. (2010).
Transcripts from genes rpfB and gumD, involved in bac-
terial survival and fitness (da Silva et al., 2002; Brunings
& Gabriel, 2003) and predicted to be adversely affected
by cell death, were compared to RNA from genes related
to general metabolic processes (gyrB, avrBs2 and rRNA;
da Silva et al., 2002) as potential viability markers. DNA
from all the genes and RNA for some of the selected ones
were detected in suspensions of both viable and nonviable
bacterial cells, which corroborates that a positive detec-
tion by PCR or RT-PCR is not always appropriate for the
assessment of viability of Xcc as previously reported for
other bacterial models (Josephson et al., 1993; Sheridan
et al., 1998; Birch et al., 2001). In contrast, an RNA frag-
ment of 445 bp from gumD in Xcc was not amplified
from cells after high temperature or SOPP treatments of
suspensions or bacteria deposited on leaf or fruit surfaces,
confirming similar results obtained by the NASBA proto-
col in water suspensions (Scuderi et al., 2010). In addi-
tion, the same RNA fragment was detected in CBC
lesions when no treatment was applied but disappeared
after lethal treatments. Moreover, large variations in tar-
get RNA product concentration were observed after bac-
tericide treatments in bacterial suspensions when primers
for rpfB, gyrB and rRNA were used in Q-RT-PCR. Signif-
icant differences in Cts between treated and untreated
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Xcc cells were shown after Q-RT-PCR using primers for
these genes, confirming the relative validity of RNA frag-
ments from gyrB, rpfB and rRNA genes as viability mark-
ers. Analyses performed using raw Ct values, a common
parameter for absolute quantification in diagnostic
assays, or data converted to linear form (Livak & Sch-
mittgen, 2001; Pfaffl, 2001), gave similar differences
between treated and untreated samples, and thus the
genes that were altered in RNA integrity after cell activity
ceased could be identified.

Furthermore, to measure stability of RNA targets, a
relative quantification was necessary. Based on the rela-
tive quantification analyses, performed by normalizing
levels of unstable RNA targets with stable ones, we found
that transcripts of gumD and rpfB, connected to bacterial
survival processes, were the least stable targets followed
by gyrB, and the rRNA long fragment (410 bp) the most
stable. rRNA has been described as highly stable by some
authors (McKillip et al., 1998; Deutscher, 2006) but 16S
rRNA has been also utilized to evaluate viability of the
plant pathogenic bacterium R. solanacearum in potato
(Bentsink et al., 2002; Aellen et al., 2006). In the present
study, a significant reduction of the long rRNA fragment
concentration was detected after cell death although
complete degradation, like that which occurred for the
445 bp fragment from gumD, was not demonstrated.
Total RNA degradation only occurred in this study when
Xcc was exposed to 100�C and RNA material disinte-
grated into small fragments, as evidenced in negative Q-
RT-PCR reactions.

Several factors could affect RNA stability, foremost
being the size of the RNA fragment. The longer the frag-
ment, the more likely it is to be affected by nucleases, as
demonstrated in this study for gumD or rRNA. Even
though both gumD transcript fragments were from the
same gene, the long fragment (445 bp) was unstable in
dead cells whereas the short fragment (69 bp) showed a
high degree of stability. Therefore, gene function should
not be considered the only criterion for selection of an
RNA target as a viability marker. Secondary structure,
directly associated with fragment length or nucleic acid–
protein interactions, will also factor into RNA transcript
stability because of its effect on the exposure to nucleases
(McKillip et al., 1998; Aellen et al., 2006). These factors
were not evaluated in the present study and their role in
RNA stability in Xcc is unknown.

The 445 bp fragment of gumD was demonstrated to be
the optimal RNA target for the detection of viable Xcc
cells because of its complete disappearance in dead cells,
both in suspension and on plant material. To our knowl-
edge, this is the first study that attempts to use Q-RT-PCR
for specific detection and quantification of only viable
cells in Xcc, and the results are congruent with previous
findings for RNA detection based on NASBA amplifica-
tion (Scuderi et al., 2010). To validate the quantitative
use of the Q-RT-PCR method for detection of viable cells,
the sensitivity, specificity, as well as the amplification effi-
ciency of the assay were evaluated from pure RNA or bac-
teria cells on plant material with successful results. The
sensitivity of the detection method in plant material was
close to those Q-PCR methods targeting DNA previously
described (Cubero & Graham, 2005; Golmohammadi
et al., 2007). In addition, the methodology described here
not only detected the bacteria and quantified the popula-
tion but also gave information regarding its viability.

Sensitivity comparison analyses performed between
NASBA and Q-RT-PCR from pure RNA dilutions
showed the isothermal amplification assay to be more
sensitive, which is a great advantage for qualitative deter-
mination but, unlike Q-RT-PCR, NASBA is not useful
for the estimation of bacterial populations. In addition,
the extensive implementation of real-time equipment and
technology in many laboratories makes Q-RT-PCR the
best-suited technique for the quantitative detection of
Xcc.

Bacterial quantification is important for survival stud-
ies as well as for epidemiological purposes in order to
determine if a population of bacteria is to be considered a
sufficient risk for disease production or pathogen dissemi-
nation. The methodology developed here is currently
being used to monitor Xcc bacterial activity in different
environments, for example to evaluate differential sur-
vival of Xcc in planktonic- or biofilm-forming cells or
after bactericide treatments. This methodology will per-
mit more accurate assessment of citrus fruit contamina-
tion, and hence potential risk of dissemination of Xcc
that may survive under stressful conditions or after disin-
fection treatments with chemicals such as SOPP. Ulti-
mately, a protocol that detects only viable bacteria will
provide for more accurate diagnosis of CBC.
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